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ABSTRACT
The research described in this thesis is a study of the properties of coal 
agglomerates and their effect on bulk density.
Literature relevant to the agglomeration has been reviewed with particular 
emphasis being placed on the properties of agglomerates, size distribution of 
agglomerates, mechanism of agglomerates formation and their effect on bulk 
density.
Experimental technique involved a modified A.S.T.M. standard apparatus 
for measuring coal bulk density to investigate the properties of coal agglomerates 
and their effect on bulk density. The relationship between bulk density of coal, its 
size distribution, moisture content and oil addition and the relationship between size 
distribution of agglomerates and bulk density were also considered. The MM6 Wide 
field Metallographic Microscope was used to examine the formation and structure of 
agglomerates.
It is concluded that agglomeration takes place when coal mixture contains 
moisture or moisture and oil. In the agglomerate mixture, two kinds of porosities 
were identified, namely intraparticle porosity in an agglomerate and interparticle 
porosity among the agglomerates packed in a container. The size distribution of 
agglomerates was found to follow Rosin-Rammler law and that the distribution 
constant (n) is the main factor influencing the size distribution of agglomerates.
The microscopical work showed that moisture content or moisture and oil 
additions affect the formation and structure of agglomerates.
Regression equations o f the relationship between size distribution of 
agglomerates and moisture content, oil addition and original coal size distribution 
and the relationship between bulk density and moisture content, oil addition and 
original coal size distribution are presented.
All the results obtained in this work prove that the bulk density of coal is 
affected not only by interparticle porosity of agglomerates, but is also affected by 




Coal in the form of coke is a major source of energy in iron and steel 
industry. Converting coal into coke has three major advantages to the industry!!]:
1. Coke is essential as a source of heat and as a reactant in the blast furnace 
to convert iron ore into pig iron and to provide permeability and support the furnace 
load. To fulfil these functions and maintain blast furnace performance, the coke must 
maintain its size stability within a narrow range. It must therefore be able to resist 
physical abrasion, compressive forces and thermal shock in the furnace and also 
must be able maintain its strength and resist degradation due to gasification by 
carbon dioxide.
2. One-third of the gas generated during the coking of coal is a source of 
heat for underfiring of the coke oven.
3. The remaining two-thirds of the gas is used in the reheating furnaces in 
the steel plant. The coal by-product chemicals derived from the gas are increasingly 
valuable.
3 0009 02881 7935
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In industrial production, it is found that the higher the bulk density of coal, 
the higher the quality of coke. So one of the ways to improve the quality of coke is 
to increase the bulk density of coal.
There are many factors which influence the bulk density of coal[2-4]. These 
are: coal size, size distribution, particle shape, type, hardness, coal rank, plastic 
properties of coal, petrographic composition of coal, moisture content and oil 
addition. Among these, size distribution of coal, moisture content and oil addition 
are externally imposed conditions of the bulk density. These conditions, which can 
be changed at will, may be used to obtain different bulk density in a coal charge.
It has been also found that agglomeration of coal can occur when the coal 
fines contain water and oil. By analogy with sand[5-i0] and sinter[ii-i2] in which 
size distribution and moisture levels influence the formation and the properties of 
agglomerates, it may be expected that these variables would also have similar effect 
on coal agglomerates.
Since there are two kinds of porosities associated with agglomerates in a 
coal mixture, namely intraparticle porosity in an agglomerate and interparticle 
porosity among the agglomerates packed in a container, the determination of bulk 
density should consider both of them.
However, conditions of simultaneous effect of moisture content, oil 
addition, size distribution and their interactions on bulk density do not appear to 
have been reported in the literature.
3
The purpose of this research therefore is (1) to investigate the properties of 
coal agglomerates and their effect on bulk density; (2) then consider the relationship 





§ 2.1 P hysica l P rop erties o f Coal
Coal is normally classified by rank and by type. Coal rank, defined by 
either carbon content or reflectance of vitrinite[i3], measures the maturity of coal in 
the coalification process. Coal type identifies the coal macerals of different 
origins[i4]. The coal macerals are physically distinctive and chemically different 
entities and are generally grouped into exinite, vitrinite, and inertinite. Exinite 
derived from spore and pollen coats, cuticles, resins, and other fatty secretions is 
hydrogen-rich. Inertinite derived mainly from partial carbonization by fire of various 
plant tissues in the peat swamp stage is carbon - rich. And vitrinite derived from 
variously decomposed woody tissues is intermediate. Vitrinite is the most abundant 
coal maceral group. The differences among coal maceral groups decrease as the coal 
rank increases. Both the coal rank and the coal type determine the conversion 
reactivity of coal[l5-i6].
Other entities present in coal are pores and minerals. Porosity and pore size 
distribution vary with coal. Low rank coals have high porosity primarily due to
macropores. For coal of carbon content ranging from 76 % to 84 %, approximately 
80 % of the total pore volume is due to micropores and mesopores. By way of 
example, in the anthracitic structure of high rank coals, the porosity is primarily due 
to micropores. Porosity also varies with coal maceral composition. Vitrinite contains 
micropores of uniform distribution and has the highest porosity among the coal 
maceral groups. Exinite is the least porous maceral group. Inertinite contains 
mesopore and its porosity lies between vitrinite and exinite.
Major coal minerals are classified into clays, carbonates, sulfides, oxides, 
chlorides, and sulfates. Kaolinite, illite, montmorillonite, and illite - montmorillonite 
mixed layer clay are the dominant clay minerals[i7]. The more closely the clay 
minerals approximate the silicates of alumina, the less fusible the resulting ash is 
likely to be. The major carbonates present in coal are siderite, ankerite, calcite and 
dolomite. Pyrite and marcasite are the predominant sulfides. Quartz and rutile are the 
two major oxide minerals. Minerals are converted during combustion into ash which 
must be removed to prevent boiler fouling[i8].
2.1.1 Vitrinite Group
Vitrinite is the most frequent coal maceral group. In the form of vitrain 
layers, vitrinite fractures angularly and conchoidally; sometimes grooved conchoidal 
fractures occur. By comparison with other maceral groups the reflectance of the 
vitrinite is intermediate. The density of vitrinite varies between about 1.3 and 1.8, 
depending on the rank[i9].
Sufficient information on the coking power of vitrinite or vitrite, as a
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function of the rank, has been supplied by the studies of Kroger et al.[20], and 
many other authors, because concentrates of vitrinite or vitrite can be prepared 
relatively easily without expensive maceral separations by hand - picking or by float 
- and - sink methods. It has thus been possible to prepare samples of appropriate 
size and amount for a great number of coking tests to be carried out on vitrinite 
concentrates.
2.1.2 Inertinite Group
The word "inert" is applied in coal petrography to certain constituents of 
coal which are more or less non - reactive in a particular sense. Whereas the 
macerals of the vitrinite and exinite groups in coking coals will soften during the 
carbonization process, the fusibility of the inertinite macerals is very weak or 
nil[20].
The characteristic optical property of inertinite macerals is their high 
reflectance.
The three maceral groups are to a certain degree characterized by their 
chemical composition. If one compares isometamorphic maceral groups, i.e. groups 
of the same rank, the vitrinite contains relatively more oxygen, the exinite more 
hydrogen and the inertinite more carbon. The volatile - matter yield also is highest in 
the exinite and lowest in inertinite. Much more difficult, however, was the correct 
appraisal of the exinite and inertinite, either separately or intergrown with each other 
or with vitrinite. The great differences in the coking properties of the three maceral 
groups are evident from Table 2.1 which shows the result carried out on maceral
COAL
COKE v=250




Width of the Plastic Zone
Volatile Matter Width of the Plastic Zone
36 to 33 % 5 to 10 mm
26 to 19 % 27 to 18 mm
19 to 16 % 17 to 7 mm
16 to 12 % below 7 mm
It is known that a pore is formed in the softened coal whenever the quantity 
of gas generated within the grain exceeds the quantity of gas escaping by diffusion 
during the same period of time. The pressure which thus builds up in the grain 
makes it swell by formation of pores.
From Figure 2.1 [20], it is evident that pore formation takes place even in 
grains with up to 50 - 60 % of fine grained inertinite associated with the two reactive 
maceral groups (vitrinite and exinite). On the other hand, in grains with more than 
60 % inertinite pore formation is very weak and in coarse, pure semifusinite or 
fusinite, no pore formation can be observed. The formation of pores takes place only 
in the reactive macerals; each inertinite particle can be recognized in the coke with its 
shape almost unchanged as shown in Figure 2.1. This means that the macerals of the 
inertinite group are, without doubt, inert but that the grain as a whole - inertinite 
included - is reactive. The expansion of a grain, which is necessary for the formation 
of strong coke, is due to pore formation, and pore formation is only possible if the 
particle becomes plastic and if an internal pressure is built up.
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§ 2.2 Bulk D ensity
A powder is an assembly of particles. Its properties are determined partly by 
those of its individual components, partly by the ways in which these interact with 
each other, and partly by the properties of the fluid filling the interstices between the 
granules. Bulk density - which is primarily a geometrical property - depends on the 
size and shape of the components and on the ways in which these can be assembled 
together.
The bulk density is defined by the following expression:
weight of particles composing the container
bulk density (pB) = --------------------------------------------------------  (2.1)
volume of container
The bulk density is directly proportional to the density of the individual 
particles and a high bulk density may be obtained simply because the particles have a 
high density rather than because the particles are closely packed. In order to avoid 
this difficulty an expression involving the ratio of the volume of particles composing
the container (V ) to the volume of bed (Vb) may be adopted. This ratio is usually
referred to as the packing fraction or the fractional solid content[2i].
Packing fraction (Pf) = Vp /  Vb
weight of particles composing the container 





It is, however, more usual to use the complement of this expression - the 
fractional voidage, that is, the ratio of the volume of the void space to the volume of 
the container:
Fractional voidage (e) = 1 - Vp/  Vb (2.3)
The fractional voidage ( e ), when expressed as percentage, is often known 
as the porosity. Bulk density is therefore related to voidage, e, between particles
and the density of the individual particles, pp. The relationship between pB, pp and 
e is given by:
pB = pp * (l-e ) (2.4)
Measurement of overall bulk density involves the determination of the 
weight of particles composing the container and the dimension of the container. 
None of these measurements is usually difficult^].
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§ 2.3 P article Size and Size D istribution
The primary function of precision particle analysis is to obtain quantitative 
data about the size and size distribution of particles in the material.
2.3.1 Particle Size
The word particle", in its most general sense, refers to any object having 
definite physical boundaries in all directions, without any limit with respect to size.
The concept of size is concerned with the bulk or dimensions of anything. 
In the case of exact sphere, it is immediately apparent that its size can be represented 
by one dimension only - its diameter. However, as the shape of the particle becomes 
more complex, the size becomes increasingly more difficult to represent. This means 
that the size of a particle and the shape of a particle are intimately related[23].
The measurement of particle size, excepting the case of spherical grains, is 
hardly ever an absolute process. The results obtained depend to some extent upon 
the physical principles employed in the determination procedure, and the convention 
involved in the definition of particle size, which become necessary because of the 
irregular shape of the particles.
The principles for the classification of particles according to their size, that 
is, for grouping them in size classes, and the corresponding methods are given in
Table 2.2.
TABLE 2.2
Methods for Measurement of Particle Size
Principles Methods
Geometrical similarity 
Similarity in hydrodynamical 
behaviour
Sieving, microscopic examination 
Sedimentation, élutriation
Similarity in optical density 




In sieving, a convention is used, according to which particle size is
expressed in terms of the dimensions of the sieve opening - square or circular - that 
is as the diameter of a sphere which will just pass the aperture[24]. Sieving is the 
most common method of measuring the particle size. It covers a very wide range of 
particle sizes, this range being the one of most industrial importance.
2.3.2 Size Distribution
Powder never consists of particles which are all exactly the same size. There 
are some standard forms of the disrtribution functions as follows[25]:
(1) The Normal law, or the Gaussian frequency distribution
12
1 (x-a)2
<KX) = --------------  e x p (---------- )
aD * (27t)a5 2aD
(2.5)
where gd : the standard deviation of x.
<f>(x): the probability density in the continuous distribution of x. 
a: the arithmetic mean value of x.
The standard deviation, o D, which is proportional to the quantity 1 / 
g d ( 2 ) 0'5 , is obtained graphically by projecting the point of inflection on either side 
of the curve on to the x-axis. The distance between this point and the mean is gd .
(2) The log normal distribution of particle sizes
If the dispersion is attained by comminution (milling, grinding, crushing), 
the distribution appears to be governed very often by the log normal law.
In terms of x, the log normal distribution is given by:
1 (logx-logxg)2
y = -------------------- exp ( -  --------------- ------ )  (2.6)
logo (2k )0-5 2(logo )28 o
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where xg: the geometric mean.
^g: geometric standard deviation which is the standard deviation
of the distribution of ratios around the geometric mean and 
whose logarithm is the standard deviation of logx.
(3) The Rosin - Rammler curve
For broken coal a distribution function has been developed which later was 
claimed to be applicable not only to coal but to cement, gypsum, magnesite, clay, 
ores; in short, it appears to have a fairly widespread application.
The Rosin - Rammler law is[24j:
R = 100*EXP(-bxn) (2 .7)
where R: the percentage by weight of particles bigger than the sieve 
opening.
x: diameter of the particles.
b: constant, increasing with increasing fineness, thus being 
comparable to a measure of spread.
n: constant, being independent of fineness but characteristic of the 
substances.
In this Law, the distribution constant n is the most important parameter, n 
is a measure of the closeness of grinding. It fixes the distribution of particle size and 
is therefore called the "distribution constant". The larger the distribution constant 
the more closely sized is the material. When n is infinite the product is perfectly
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uniform, that is, all the particles have exactly the same size. When n is small the 
sizes are spread out over a wide range[26].
Taking logs to the base 10, the following is:
logR/100 = -bx11 *loge (2 8)
logloglOO/R = nlogx + logb + logloge (2.9)
This represents a straight line relationship between logloglOO/R and logx.
Also Rosin - Rammler law can be written in another form, too, as 
follows[27]:
R = 100*EXP(-(x/x)n) (2 .10)
where x = (l/b )1/n
The "absolute size constant" x measures the actual size of the material. 
Large values of x mean coarse material and small values of x mean fine material, x 
is actually the size for which the residue is approximately 37 percent[28].
,x has a dimension of length, but it is not the mean particle size either by 
weight or by surface or by length. Rather, it is a mode of the distribution.
Equation (2.10) is a more satisfactory form than equation (2.7), since it 
makes the exponent a pure number, and thus gives the law a dimensionless character 
without further transformations.
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§ 2 .4  A gg lom eration
In the broadest sense, agglomeration can be defined as any process in which 
small particles are formed into larger entities. Agglomeration is used to improve the 
usefulness of fine materials either in a downstream processing step or as a final 
product agglomerate. Most often the starting material for agglomeration is fine 
particles and the product is agglomerates or aggregates in which the original particles 
can still be identified.
Agglomeration processes are used in many industries today with the desired 
results depending on the particular application. In each case, however, the 
substitution of granular material for fine powders yield a number of beneficial effects 
as shown in Table 2.3[29].
TABLE 2.3
Objectives of Agglomeration




Reduced caking and lump formation
Production of useful structural forms and shapes
Provision of definite quantity units for metering, dispersing and administering 




Control of porosity and surface - to - volume ratio 
Improvement in heat transfer 
Improved product appearance
2.4.1 Tensile Strength of Agglomerates
The tensile strength qt is an important parameter characterizing the cohesive 
behaviour of bulk materials. It is defined as the unidirectional, maximum tensile 
force Tmax per unit of the plane cross - sectional area A of the bulk material at right 
angles to the direction of the tension when a locally constant, purely tensile stress 
prevails in the fracture cross - section of the material regarded as a continuumpo].
There are many parameters influencing tensile strength of agglomerates. 
One of the most important parameters is bonding mechanism.
2.4.L I Bonding Mechanisms
The attractive forces which hold particles together when they come into 
close contact is a function of the physical characteristics of both individual particles 
and the nature of the physical process by which the particles interact.
The magnitude of the contributing forces has been shown to vary over a
17
very wide range of values and the forces are transmitted in a variety of ways. Rumpf 
and Hartley[31-32] have listed the contributing forms as follows.
1. Solid bridges.
2. Mobile liquid binding.
3. Immobile liquid bridge.
4. Intermolecular and electrostatic forces.
5. Mechanical interlocking.
(1) Solid Bridges
In many instances the moisture content which promotes the cohesive force 
between point contacts in granules and also to a degree the granule growth 
mechanism is only an intermediate step in the determination of the physical 
properties of the product material. This is because the liquid within the granule in 
fact often changes phase with increasing temperature or pressure. The phase change 
from liquid to solid can result in an increase in the final strength of the product. 
Also, particles held within a moist granule can be constrained to flow or react 
according to the external physical conditions applied. The major solids bridging 
mechanisms are shown in Table 2.4[33].
TABLE 2.4
Solids Bridging Mechanisms
(a) crystallization of dissolved material;
(b) hardening binders;
A B
Fig.2.2 States of liquid content for an assembly of spherical particles [31],
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cont.
(c) particle deformation followed by sintering;
(d) particle melting or localized fusion welding;
(e) chemical reaction.
(2) Mobile Liquid Binding
Mobile liquid binding produces cohesion through interfacial forces and 
capillary suction. Three states can be distinguished in an assembly of particles held 
together by a mobile liquid as shown in Figure 2.2[3i],
(a) The void space between the particles is only in part filled with liquid which 
forms bridges between individual particles, as shown in Figure 2.2A. At the solid - 
liquid - gas contact line, the surface tension is directed along the liquid surface while 
a negative capillary pressure exists in the liquid bridge, if the solid is wetted. Both 
components result in mutual attraction of the grains. It may be regarded as held in 
equilibrium by the balancing of the three forces of interfacial tension acting at right 
angles to the line of contact of the three interfaces, and in the planes of the interface. 
This gives[34-35]:
Ysv = ̂ sl+ Ylvcos  ̂ (2.11)
where ysv, ySL, yLV: are the interfacial tensions of the solid - gas, 
solid - liquid, and liquid - gas interfaces respectively.
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In the absence of gravitational effects the pressures P’ and P" are uniform
throughout the respective phases, while the surface tension has the same value, a , at 
all points in the surface. The Young - Dupre equation (2.11) is applicable in a 
gravitational field. The curvature of the free liquid is no longer constant, but is 
described by the Laplace equations,36]:
PM - P' = 2g / y'm (2 . 12)
where ym: is the mean radius.
P' and P” : are pressures on the exterior and inner sides of surface.
This equation makes no assumption regarding the variation of P" and P'
with height; it relates the values of P", P', yand a  at a given point on the surface. 
Hence Laplace’s equation is valid at every point on the surface, whether or not 
gravitational forces are negligible, provided only that we can neglect the weight of 
the surface phase itself. It should be noted that only the interfacial forces at the liquid 
- gas interface contribute to the bonding force between the grains.
(b) If the void space is completely filled with liquid, the interfacial forces 
exist only at the surface of the granule and give rise to bonding forces. If the 
quantity of liquid is not sufficient to envelop the granule completely, but the liquid 
extends approximately to the edge of the pores where it forms concave surface (as 
seen from the gas side), a negative capillary pressure exists in the entire liquid space 
and gives the granule a certain tensile strength. These conditions are shown in 
Figure 2.2C.
2 0
Either of the two types of bonding forces described above are termed " 
capillary bonding forces”. Type 1 is called the ’’pendular state"; type 2, the 
"capillary state". In a transition state, gas is present, but the liquid is still forming a 
continuous network. It is called the "funicular state".
(c) As soon as the liquid completely envelops the solid (see Fig. 2.2D) the 
concave surfaces in the pores are replaced by the convex surface of the liquid 
droplet. Then, all intergranular capillary bonding force vanishes. The bulk of grains, 
however, are still held together in the droplet by the surface tension of the d roplet. 
The tendency of droplets to coalesce may be utilized for initiating granule formation 
and granule growth by dispersing a liquid - solid suspension into droplet.
(3) Immobile Liquid Bridge
If a tensile stress shall be transmitted by a movable liquid bridge adhering to 
two particles, it must be assumed that the adhesion of the liquid to the solid and the 
cohesion within the liquid must be of sufficient magnitude to transmit the tensile 
stress and to sustain the capillary pressure. This condition is fulfilled because the 
molecules responsible for the tensile stress are found only on the outer surface of the 
adhering bridge. These molecules are considerably smaller in number than those 
molecules adhering to the contact area or cohering within a cross section of the 
bridge. The adhesional and cohesional forces in the cross sections are certainly 
utilized but not to their full extent. When the liquid bridge is stressed and elongated 
by external tensile forces, this tension does not at first result in the rupture of the 
cohesional bond. The bridge simply narrows down because the equilibrium of 
forces is disturbed. Finally the bridge ruptures forming two adhering drops.
21
With nonfreely movable bridges, the following bonding mechanisms are 
possible.
(a) Viscous binders.
1. Sugars, glues, gums in pharmaceutical tablets.
(b) Adsorption layers.
1. Instantizing food powders by steam condensation.
2. Humidity effects in flow of fine powders.
(4) Intermolecular and Electrostatic Forces
Intermolecular and electrostatic forces bond very fine particles without the 
presence of material bridges. Such bonding is responsible for the tendency of 
particles less than about one micron in diameter to form agglomerates spontaneously 
under agitation. With larger particles, however, these short range forces are 
insufficient to counter balance the weight of the particle, and adhesion does not 
occur.
(5) Mechanical Interlocking
Mechanical interlocking of particles may occur during the agitation or 
compression of, for example, fibrous particles, but it is probably only a minor 
contributor to an agglomerate strength in most cases.
Fig.2.3 Tensile strength of agglomerates in which
forces are transmitted at points of contact [30].
2 2
2.4.1.2 Calculation of Agglomerate Strength
In many cases the strength is transmitted by forces at the points of contact 
between the particles. If a brittle fracture occurs as the result of uniform stressing in 
tension, the fracture face will, on average, be at right angles to the direction of the
tensile strength gt . A theoretical fracture plane (cross - sectional area A) is shown in 
Figure 2.3[30] as a dash - dotted line. The actual fracture face is not a plane, but
follows the surface of the particles where the forces o f adhesion Fi5 and F2i as its 
components in the direction of Z, have been overcome (solid line).
Models have been developed that relate tensile strength to the interparticle 
force and packing density o f the compact. One of the earliest was proposed by 
Rumpfpi] who derived the following expression for equal spheres assuming that 
(a) there are many bonds broken during tensile fracture which are distributed 
randomly in space, (b) the particles are randomly distributed and (c) the actual 
bonding forces can be taken as a single mean effective force.
For an agglomerate composed of equal - sized spherical particles, the tensile 
strength gt is:
9 (1-e)
oT = — * ---------------* c f  (2.13)
8 7td2
where gt : is the tensile strength.
d : is the particle diameter, 
f : is the bonding force per point of contact, 
c : is the mean coordination number.
8 : is the volume fraction of voids in the agglomerate.
For mobile liquid binders in the pendular state :
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1-e a
ctt = 2 . 8 * ( ------ )  * --------
e df(5)
where a: is the surface tension of the binding liquid.
f(5): is a function of the angle of contact.
If wetting is complete, f(5) = 1. For the capillary state:
1-e a




The tensile strength of an agglomerate in the pendular state is about one - 
third of that in capillary state, while the funicular state has intermediate strengths. A 
decrease in particle size and porosity yields greater strength. To improve 
agglomerate strength, the importance of correct particle - size distribution in attaining 
minimum porosity should be recognized[37j.
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Cheng[38] incorporated an effective separation distance by considering 
particles touching at asperities of surface protrusions (surface roughness) in 
developing the following expression :
3 sd 1-e
a T = — * t o * -—  * -------- * h  (2.16)
4 v e
where tQ: is the surface separation distance at zero tensile strength.
h : is the interparticle force per unit fracture area, 
s, d and v: are the mean effective particle surface area, diameter, and 
volume respectively.
Cheng also used a law of corresponding states to relate the overall 
interparticle force to a single energy and length parameter. This model is lacking in 
that the energy parameter for a given powder must be stated relative to a reference 
powder with an energy parameter arbitrarily set equal to unity. Cheng extended this 
work to account for the presence of moisture by fitting parameters in an empirical 
equation.
He concluded that when present in the pendular state, the effect of moisture 
on the tensile strength of powders differs from previous work in three respects. The 
first is that, in the derivation, an allowance has been made to include the effect of 
particle size distribution, as it affects the numbers of particle - pairs composed of 
different sized particles. The second is an attempt to cast the theory in such a form 
that the functional form of the dependence of interparticle force on particle separation
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due to moisture may be deduced from experimental data. This requires the third 
innovation, namely the calculation of an averaged particles separation from 
experimental quantities.
Then he gave an equation as follows: 
t Pr PO \l
—  = (----- ) 1/3(w0-4-----+ 0 - 1  (1.17)
d Pp d
where t : particle separation.
d : mean effective diameter of particle.
Pp: total weight of particles per unit volume of powder.
1 : parameter.
w : moisture content by weight
Hartley and Parfitt[39] have developed a model for submicron size particles 
which relates tensile strength to packing density and a specific interparticle force 
(van der Waals). The van der Waals force represents a baseline to which other forces 
can be compared since it is the only interparticle force that will always be present in 
any powder compact. In deriving their model they have assumed that a powder 
compact is made up of submicron spherical particles of uniform size, packed in a 
random fashion. The general relationship between tensile strength and the packing 
and force parameters is given by:
Fig.2.5 Effect of moisture content (% w/w, dry basis) on tensile 




Fig.2.4 Theoretical tensile strength of agglomerates [31].
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0 T 9 (d+t)* (t0-t) Eo t
—......... ................-  = — * ------------------- * (— ■- * <t>(— )) (2.18)
(P/Ps)/(1-P/Ps) 4 d2 t03 tQ
where p/ps (or 1-e) : is the packing density, 
p : is compact density. 
p$: is solid density.
t : is the average surface separation distance.
The bracketed term in equation (2.18) represents the contribution of the
interparticle force. Eq is an energy parameter and <J) (t/tQ) is a dimensionless form of 
the separation distance dependence of the interparucle force.
The results of the various calculation are summarized in Figure 2.4[3i] 
where the determining particle size is plotted as the abscissa against the calculated 
tensile strength of the granules as the ordinate expressed in kg/cm2.
The effect of moisture on tensile strength of powder compacts has been 
studied by a large number of workers[40-43]. The result is shown in Figure 2.5.
The glass (Fig. 2.5) showed an increase in tensile strength toward a plateau 
as the moisture content increased. Figure 2.5 shows an initial increase of tensile 
strength at a fast speed ratio. After moisture content past a critical point (6.5%), 






















Fig.2.6 Graph of log tensile strength against packing fraction of M l [41].
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Chan and Pilpel[4i] also found the relationship between tensile strength and 
packing fraction as shown in Figure 2.6.
The results for M l (mixture of sodium cromoglycate and lactose 
monohydrate) are shown in Figure 2.6 and the scatter of the points was no greater 
than normally occurs when dry powders are being used.
Figure 2.6 shows that the packing fraction increases with increasing tensile 
strength.
2.4.2 Binders For Agglomeration
2.4.2.1 Binders and Binder Systems
According to Webster's dictionary, a binder is "anything that causes 
cohesion in loosely assembled substances " or "to cause to adhere or stick together 
in a mass". Binders have been defined as substances that can be mixed with 
powdered or granular solids for the purpose of forming agglomerates in the form of 
briquettes, spherical pellets, tablets or extrudates which have acceptable strength and 
other characteristics.
Many types of additives may be used in agglomeration, including binders, 
lubricants, plasticizers, wetting agents, fungicides, bactericides, etc. The first two, 
binders and lubricants, contribute significantly to agglomerate strength, binders 
through particle - particle bonding and lubricants through the reduction of particle -
2 8
particle friction to allow lower void fraction and closer particle contact
Holley[44] used a system based on the type of binding action that is utilized 






Table 2.5 is a list of typical examples of binder systems from each 
group[44].
Inactive film binding systems are used primarily with agitative and extrusion 
type agglomeration. The amount of binder necessary to produce a specified 
agglomerate depends upon many factors such as particle size distribution, surface 
condition of the particles and the efficiency of the mixing.
Another important binding system is inactive matrix binding system. This 
type of binding system depends for its effectiveness on imbedding the particles in a 
more or less continuous matrix of binding material.
T ABLE 2.5








sodium silicate and C 02
sodium silicate dilute acid 






Chemical matrix Chemical reaction
quick lime and water water
hydrated lime and carbon dioxide dilute sulfuric acid
lime and molasses dilute phosphoric acid
2.4.2.2 The Relationship between Binders and Agglomeration
A. Water Content
Water is the universal binder. It is the most commonly used bonding liquid 
in the balling and granulation processes. It turns out that it has a profound influence 
on the agglomeration behaviour[45]. For a given particulate feed, satisfactory 
agglomeration is possible over a narrow range of moisture content only, and within 
this range the rate of growth of the granules is extremely sensitive to amount of 
liquid in the charge. The percentage moisture content depends on the size 
distribution of the particles and their packing characteristics.
In theory the correct amount of water should equal or just exceed the
w a t e r  C O N T E N T  cv.vol)
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Fig.2.7 (I) Effect of water content on the growth rate of agglomerates sand granules 
grown by crushing and layering mechansim. (II) Limestone nuclei by 
random coalescence. (Ill) Limestone balls by nonrandom coalescence. (IV) 
Iron ore pelletized in a disk [45].
theoretical saturated liquid content, which is defined as equal to the void volume of 
the dense packed particulate ensemble. In practice, however, the water content may 
range from roughly 90 to 100 % of the critical liquid saturation. There are basically 
three aspects to this tolerance phenomenon. First, the agglomerates can adjust their 
porosity to some extent in order to accommodate limited variations in the liquid 
content. Second, a fraction of the excess water that squeezes on to the surface of the 
agglomerates in and beyond the transition region may be absorbed in the deposit of 
material on the walls of the balling device. Third, the agglomerates invariably 
contain a small amount of trapped air, which may range up to 6 % of the pore 
volume of agglomerates made from closely sized materials or up to about 12 % in 
the case of agglomerates made from powders with a wide size distribution. As a 
consequence, liquid and air bubbles together may just about fill or even exceed the 
voids of a granule, even though the amount of water is marginally less than the 
critical liquid saturation. The excess liquid on the agglomerates surface is apparently 
instrumental in causing the occurrence of growth at a meaningful rate[5,8,46].
The variation of the growth functions with added water content is shown in 
Figure 2.7[45].
In quantitative terms, this model of a saturated structure yields equation 
(2.19) for the liquid content of an agglomerate on a wet basis:
ep,l
w = ------------------------------  (2.19)
ep,l + (1 - e ) pp
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where w : is the weight fraction of liquid in the agglomerate.
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8 : is its void fraction.
Pp and P] • are the particle and liquid densities, respectively.
In practical systems, however, the prediction of the liquid requirement for 
balling by equation (2.19) is complicated by a number of factors. Agglomeration 
occurs over a narrow range of liquid contents and not simply at one value as referred 
above. Equation (2.19) may thus be assumed to predict the average or "optimum" 
level. So Capes, Germain and Coleman[47] recommended that the following 
equations be used to calculate the binding liquid level required for agglomeration by 
tumbling;
for fine particles (<30 p):
1
w = --------------------  (2.20)
1 + 1.85*Pp/ Pl
for coarse particles (>30 p):
1
w = --------------------  (2.21)
1 + 2.17*pp/p]
Moisture content is also a main factor influencing coal 
preparation[3-4,48]. For example, recent years have seen remarkable 
achievements in the saving of energy in coke ovens, owing largely to the increasing 
installation of coke dry-quenching equipment designed to recover the sensible heat 
of hot coke and automatic coking control equipment for reducing the energy input 
of coke ovens. But, in developing techniques to utilize recovered sensible heat,
o
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Fig.2.8 Graph relating coal bulk density to moisture content for various sizes [52].
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attention was focused on coal moisture content, which has a significant influence on 
the operating condition of coke ovens.
In order to ensure that a blast furnace can operate stably at a high rate of 
productivity and at low cost, it is important for the coke production process to be 
able to supply adequate amounts of coke of uniform quality in a stable manner and 
at low cost. To this end, stable coke oven operation is an essential prerequisite, 
and this in turn depends strongly on constant moisture content of the coal.
This means that the maintenance of the coal moisture content at an optimally 
low level would be a very effective means of stabilizing coke oven operations and 
protecting oven walls. It would also help to reduce carbonizing heat consumption 
and improve both coke quality and productivity
It is generally considered[48-5i] that as the moisture content of coal falls, 
the proportion of agglomerates decreases, the coal fluidity improves, the packing 
bulk density increases, and at the same time, the amount of fine powder increases. 
The first three phenomena are positive factors in improving coke quality and 
productivity, but the last one is a negative factor which should be prevented by all 
means, since it can lead to various troubles such as dust emission and explosions.
From Figure 2.8[52] typical variations to coal bulk density that result from 
changing the total moisture content of different size fraction of coal can be seen. The 
coarse ~  56 % -8 mesh (-2.36 mm) -  coal has a higher bulk density than the fmer 
-  63 % -8 mesh (-2.36 mm) -  coal regardless of moisture content; however, both 
coals undergo increases in bulk density of approximately 6 lb per cu ft (96.12 kg
Fig.2.9 Graph relating coal bulk density to coke stability and hardness factor [52].
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/m3) when moisture is reduced from 5 to less than 2 %. Reduction of moisture by 
three percentage points increases bulk density of the finer coal from 49 - 55 lb per cu 
ft (785 - 881 kg/m3), whereas moisture reduction in the coarser coal increases the 
bulk density from 50.5 - 56 lb per cu ft (809 - 897 kg/m3). Thus, for a given size 
coal, bulk density will increase with decreasing moisture content below 
approximately 5 - 6 % .
The practical meaning of improvements to coal bulk density as illustrated in 
Figure 2.8[52] becomes evident as a result of European research, where it was 
found that for each percentage point reduction in coal moisture a corresponding two 
and one - half to three percentage point increase in the production of by - product 
coke resulted. These findings led the Research Department of Charbonnage de 
France to conclude that where coal can be dried to 1 - 2 % surface moisture without 
destructive high pressures during coking, it is possible to obtain an increase of as 
much as 20 % in coal throughput in the coke ovens. Moreover, the British Coke 
Research Association has shown that more heat is required to dry coal to a given 
moisture level when the drying is less appropriately performed in a coke oven than 
when it is performed in a coal dryer[52]. These favorable improvements, which 
increase production and decrease coke oven gas consumption, are derived as a 
result of higher thermal efficiency of the oven because less evaporation of water is 
required.
Improvements to coal bulk density can also have a favorable effect on coke 
physical quality. Figure 2.9[52] illustrates the favorable increases in coke strength 
parameters of stability and hardness factor that result with increases in the bulk 
density of a typical coal blend.
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B. Oil Addition
Another important factor is oil addition in coal preparation[53-55]. Oil 
additives serve a multiple purpose:
(1) being combustible, they produce very little additional ash.
(2) They produce additional heat units per given weight of agglomerate.
(3) They have been used commercially as a binder for coal in the past.
(4) Improvement in oven productivity due to the increased amount of coal 
charged.
(5) Improvement in handling and flow properties.
(6) Improvement in coke quality due to increased bulk density and the ability to 
use finer grinds.
The dual role of oils as binders and lubricants has already been known [53]. 
They are used to lubricate the surface; reduce the particle to particle friction and the 
agglomerate to agglomerate friction. In the case of cellular products, oils will 
promote bonding by increasing the true area of contact of the particles.
It has been found that the quality of the oil has a marked influence on the 
bulk density of coal. The low density oils were found to have insufficient viscosity 
to "pull" the coal particles together into strong agglomerates. On the other hand, the 
high viscosity oils were not dispersed sufficiently well in the coal powders to be able 
to wet the particles and cause agglomeration. But comparing the two kinds of oil, the 
low viscosity oil ( 50 - 150 seconds /  Redwood ) is better and higher bulk densities
of coal are obtained[52].
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It has been suggested, that oil increases bulk density in two ways[56-57]:
1. Oil is used as lubricant thus greatly reducing the particle to particle 
friction and allowing a lower void fraction.
2. Oil has higher viscosity and surface tension than that of water. It repels 
any water present in the voids which previously caused bonding of the particles. 
Thus, provided intimate oil /  particle content is achieved, the observed lower void 
fraction is obtained.
In the case of the newer coking processes involving preheating and pipeline 
charging, agglomerates which are bonded by oil and water appear to be an ideal feed 
with less hang-up and reduced chance of fires and explosions. There are indications 
that a high proportion of the hydrocarbon bridging liquids become fixed as carbon in 
coke making, with improved density and stability in the product[58].
But oil addition must be controlled since very high bulk densities can 
generate excessive pressure during coking and damage the coke oven wall.
2.4.3 Mechanism of Agglomeration
For an understanding and quantitative representation of agglomerate growth 
processes, it is necessary to have detailed knowledge of the mechanisms that give 
rise to agglomerate growth.
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The overall mechanism of particle agglomerate growth is not only 
responsible for the rate o f growth; it is also a key factor in determining the final 
properties and form of the product[59-6i].
Besides Rumpfs research[3i], various mechanisms of agglomerate growth 
have been proposed by a number of investigators[5-io,45,62-66] working with 
different materials.
The first important contribution was made by Newitt and Conway- Jones[5] 
who studied three grades of approximately uniformly sized silica sand, and two 
mixed grades of wide size distribution below 50 micron.Their conclusion of 
mechanism of agglomerate formation was as follows. Initially the feed to the 
granulator consists of moist particles which have partly coalesced to form loose 
aggregates, held together by pendular bonds. The agglomerating action kneads the 
particles closer together so that the internal pore space in the aggregates is reduced 
and, if the moisture content is sufficient, the pores may eventually become saturated. 
A granule with most of its pores filled with water is referred to as an agglomerate.
The agglomerates themselves are not improved by a high moisture content 
for the moisture prevents their compaction, and it has been shown that the strongest 
agglom erates from any given material are those with the least porosity. 
Improvements may however be obtained by commencing with a high moisture 
content; the excess water being removed during agglomeration by simultaneous 
drying.
Fig.2.10 Type of granule growth curve obtained by Kapur 
and Fuerstenau for pulverised limestone [6].
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In brief, Newitt and Conway-Jones[S] attempted to describe the mechanism 
of agglomerate growth in terms of a coalescence model, although they did not 
perform any specific experiments to verify i t
Kapur and Fuerstenau[6-7] have carried out work on pulverised limestone. 
They point out that generalized conclusions can not be drawn from the work of
Newitt and Conway-Jones[5] since they pelletized sand and sand - silt mixtures 
rather than naturally comminuted materials.
Using comminuted limestone as a model system, Kapur and Fuerstenau[6] 
studied the pelletization kinetics and concluded that the growth mechanism depends 
on the size of growing pellets. Initially three-phase air-water-solid nuclei are formed 
as shown in Figure 2.10 which grow by random coalescence of the rotating pellets. 
When the nuclei are compacted to such an extent that the overall porosity of the pellet 
is approximately equal to its water content, the integrity of the two-phase pellet is 
barely maintained by surface tension of the surrounding liquid film[28] and its 
pronounced dilatant behavior[5], In this transition region, the pellets are readily 
deformable and possess a high degree of surface plasticity. As a result, the growth 
mechanism retains its coalescence character. Indeed, the coalescence rate may be 
appreciably accelerated, particularly if  the system is comprised of relatively fine 
particles. Finally, in the two-phase water-solid ball growth region, where the 
comparatively large pellets are held together by negative capillary potential, the 
growth mechanism acquires a highly complex character based upon one or more of 
the following models[5,8,45]:
(1) random coalescence;
(2) preferential coalescence between balls of different sizes;
(3) surface abrasion and material transfer from one ball to another;
(4) crushing and layering.
The size range over which the coalescence mechanism might prevail will 
depend, coupled with the dynamics of the balling device, on the strength, plasticity, 
and allied rheological properties of the pellets, which may vary with the degree of 
compaction of the particulate assembly as well as the thermodynamic potential 
(suction) of water in the pellet matrix.
The above authors[6] concentrated on the nuclei growth region where they 
considered growth to occur by a coalescence model. This model leads to the 
conclusion that the size distributions of pellets are self-preserving and unique 
functional relationships exist between the parameters of the distributions irrespective 
of the fineness of the particles, water content, coalescence rate, and agglomeration 
time.
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A completely different model was proposed by Capes and Danckwerts[8] 
who studied uniformly sized silica sands. Their mechanism of granule formation and 
growth may be summarized as follows. The material initially charged to the drum 
consists of loose aggregate or "crumbs” of sand which are held together by discrete 
lens - shaped rings of liquid at the points of contact between the sand panicles. The 
tumbling action in the granulation drum squeezes the particles closer together so that 
the internal pore space in the aggregate is reduced and becomes largely filled with 
liquid. At the same time, crumbs stick together (by the coalescence of liquid at the 
points of contact) to form larger aggregates which then become kneaded into small 
spherical granules. This may be called the nucleation stage of growth.
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If the initial liquid content of the charge is greater than about 90 % of the 
"theoretical saturated liquid content" for the sand, the surface pores of the small 
granules formed in the nucleation stage are on the verge of then being flooded with 
liquid, which is only slightly withdrawn into the pores. Granules in this condition 
have a degree of plasticity which allows them to deform and produce an increased 
area of contact when small granules are in collision in the early stage of growth. The 
twin is then kneaded into a larger granule. This process of direct cohesion of small 
granules continues apparently until the granules reach such a size that the torque 
tending to separate two cohering granules is too large to allow a permanent bond to 
be formed. Subsequently, granule growth occurs by the crushing of the smallest 
granules in the load. The plasticity of the granules and the readily available liquid at 
their surface allows the resulting fragments to stick to the larger (surviving) 
granules, which grow in size. The redistribution of the substance of the crushed 
granules occurs in such a way that the diameters of the larger surviving granules 
grow faster than those of the smaller ones. This is presumably because the larger the 
granule the more likely it is to be involved in collisions which lead to the destruction 
of a small granule, and the more immediate access it has to crushed material. When 
large granules are made, a large part of the growth takes place by the destruction and 
redistribution of the fragments of the smallest granules in the charge.
Capes and Danckwerts[8]also performed tracer experiments using sands of 
two different colours and from the results obtained postulated a "crushing and 
layering" mechanism with the larger granules crushing the smaller granules and 
growing by layering of the resultant fragmentary material. They called this 
mechanism "self-preserving" growth and showed that it would lead to an 
instantaneous size distribution of the form:
4 0
1-Zz
Y = 1 - 0.5 * ( ---------) Bo (2.22)
Z
where z: ratio of granule diameter, D, to median granule diameter in a 
charge at any time, t
Z: ratio of median granule diameter to maximum granule diameter in 
charge at any time, t.
Y: cumulative fraction of nuclei finer than size D.
Bo: constant defined by
Bo
Z = 1 - Z->®° * ( -------- )  (2.23)
3 •+• Bo
This work attempts to clarify the apparently different modes of growth 
observed by these workers.
In 1973, Linkson, Glastonbury and Duffy[9) conducted some work to find 
the mechanism of granule growth. In their experiments, silica sand was granulated 
in a 22 cm diameter drum using water as a binding agent. Broad size distributions 
and narrow size fractions were used to determine the effect of size distribution on the 
mechanism of growth.
The wide size distribution materials produce granules of low porosity and 
high strength because of the large amounts of fines they contain and these granules 
are soon too strong to be crushed by others in the load. However, provided there is 
sufficient surface moisture, granules possess sufficient plasticity to deform and stick
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together on collision. Linkson, Glastonbury and Duffy pointed out that the period of 
rapid coalescence did not begin until the surface of the granules had a wet 
appearance. Coalescence is less likely to occur between two large granules, since the 
torque created by the rolling action will tend to fling them apart. Eventually, after 
rolling for some time the granules will become so strong that there is little chance of 
them being plastically deformed anymore and coalescence stops. After this stage the 
only operative m echanism is abrasion between granules. This is basically an 
equilibrium transfer of particles between granules, although it is possible that 
granules with a great surface strength might grow at the expense of others.
However, when the fines are removed from the sand the porosity of the 
resulting granule increases and its strength is reduced. There is also quite a 
significant reduction in the plasticity of the granule, making it less favourable to 
growth by coalescence. Granules tend to fragment rather than plastically deform 
when subjected to a compressive force.
So it is evident that the size distribution of the material, is one of the main 
parameter governing the strength of the granules formed, also determines the mode 
of growth. Coalescence is the predominant mechanism in the early stages of growth. 
However, during the later stages, balls made from material of a wide size 
distribution were very strong and showed only slight growth due to abrasion, while 
balls composed of larger particles o f narrow size range were relatively weak and 
almost unlimited growth occurred by crushing and layering, as well as abrasion.
Later, Sastry and Fuerstenau[iO] studied the mechanism of agglomerate 
growth in green pelletization. They proposed that forces contributing to the
Fig.2.11 Formal representation of growth mechanisms. The symbol P. is used to
represent a green pellet of mass mi (=ih) and P01 refers to the freshly -
added neclei of mass h. (a) coalescence, ft)) breakage, (c) abrasion 
transfer, (d) snowballing and nucléation [10],
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formation of green pellets from particulate solid are of two kinds: natural (or 
physical) and applied (or mechanical).
These authorsfiO] concluded that the mechanism of green pellet growth is 
as follows: (1) the growth of green pellets in the initial stages of a batch balling 
experiment proceeds by the mechanism of coalescence, (2) abrasion transfer of 
material with the agglomerating charge is a very important growth mechanism, and 
(3) there is evidence of limited breakage of granules in the later stages of a batch 
balling experiment. However, each pellet on breakage produces a finite number of 
fragments with finite size. The broken fragments are too large to lead to the layering 
of surviving pellets.
The formal representation of growth mechanisms developed by Sastry and 
Fuerstenau can be conveniently summarized by Figure 2.11.
(1) Nucleation
Any formation of new pellets in an agglomeration system from an extra 
system of moist feed (Fig. 2.1 Id) is termed nucleation. The nucleation of new 
species results from capillary attraction between a collection of individual moist feed 
particles. In a batch system, the formation of nuclei pellets has been found to occur 
within the first few drum revolutions.
(2) Coalescence
This mechanism is pictorially represented in Figure 2.11a. It refers to the 
production of large size species by means of the clumping of two or more colliding 
granules. This representation of the coalescence mechanism associates with it certain
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typical properties, i.e. coalescence events cause discrete changes in agglomerate 
masses and contribute to an overall decrease in the number of pellets, but do not 
change the total mass of the system.
(3) Breakage
The breakage of the pellets leads to the formation of a collection of daughter 
fragments, either all of the same size or of different sizes. Figure 2.11b is a 
schematic representation of this mechanism and for convenience it is shown that all 
the broken pellets are of unit size. These daughter fragments then redistribute 
themselves on the surviving pellets, thus causing the so - called "layering”.
(4) Abrasion Transfer
Due to interaction and abrasion of the agglomerate species in the pelletizing 
charge, a certain mass of material is transferred from one species to the other. This is 
termed "abrasion transfer" (Fig. 2.1 lc). Mathematically, it is expected, that on each 
encounter between the species, an infinitesimal mass of material is transferred from 
one to the other with no preference of exchange in either direction.
(5) Snowballing (layering)
Whenever new moist feed is supplied to a system of pellets, the pellets act 
as seeds and tend to collect the newly added moist fines. This mechanism is termed 
"snowballing" (Fig. 2.1 Id), and sometimes also as "layering". It is idealized that all 
the added moist feed nuclei are of unit mass (h) and are not considered to belong to 
the population of agglomerates undergoing size changes. Furthermore, the pellets 
change their mass by snowballing in steps, each step occurring in an infinitesimal 
interval of time and an increase of unit mass by collecting one new feed nucleus. 
Thus, it is clear that snowballing causes continuous changes in pellet size, resulting
in an increase in the total mass of the system and does not change the total number of 
pellets.
During the batch balling process, the prevailing growth mechanisms are 
nucleation, coalescence, abrasion transfer, and breakage. In industrial balling drum 
operation where a continuous supply of moist feed is charged to the system, an 
additional growth mechanism is important, namely, agglomerates grow by the 
snowballing (or layering) of the added moist feed onto this surface. It has been 
noted that the role of water in the agglomeration process is very important, in that the 
relative occurrence of the various mechanisms is controlled by the amount of 
moisture and the relative distribution of moisture in an agglomerate[67].


































§ 3.1 E xp erim en ta l D esign
As we know, size distribution of coal agglomerates and bulk density are 
main functions of the size distribution of original coal, moisture content and oil 
addition. Based on the results of sieving analysis of the original coal as shown in
Table 3.1 and Figure 3.1. The size function Zp Z2, Z3, Z4 were defined as :
B + C + D +E
Z1 = ------------------------------ = Xl (3.1)
A
C + D + E
2^  = ------------------------------= X 2 (3.2)
B
D + E
Z3 = ------------------------------= X3 (3.3)
C
E
Z4 = ------------------------------= X4 (3.4)
D
A + B + C + D + E = 100 (3.5)
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0 < Z l <3,  O < Z2 < 3, O < Z3 < 3, O < Z4 < 3
So, totally, there are six factors which have an influence on the size 
distribution of agglomerates and the bulk density.
From the theory of regressive experimental design[68-70], it is known that 
for the 1/2 replication:
i4  + 2P'1r2 - 2P-2(p + 0.5mo) = 0 (3.6)
where : mQ: number of repeat experiments.
p : number of factors, 
r : unknown variables.
When p = 6  and mQ= 5, it is quite obvious that r = + 2.
TABLE 3.1
Size Distribution of Commercial Dry Coal
size (pm) weight of coal (g) percentage of weight (%)
+4000 8.89 0.89
-4000 +2800 15.68 1.57
-2800 +1400 90.59 9.07
-1400 +710 162.21 16.24
-710 +355 194.67 19.49
-355 +125 262.39 26.37
-125 +75 146.03 14.62
-75 +53 87.30 8.74
-53 31.06 3.11
Total 998.82 1 0 0 .0 0
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1. Limitation of Every Factor.
A. The characterizing factors of size distribution are:
1IIN°
^ lj + ^2j 0 + 3.0







— -----------= ---------------= 0.75 (3.8)
r  2
B. Moisture content factor and oil addition factor are: 
(1) moisture content (P ):
Z05j ”
^15j + ^25j ^ +




Z25j '  Z05j 15-° - 7 '5
------------------- = --------------------- 3 .7 5  (3.10)
r 2
(2) oil addition (Poil)
iiN°






^26j " 0̂6j ^0.0 - 10.0
_____________ _______________ -5 .0  (3.12)
r 2
(j = 1,2,3,  4 )
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2. The Table for Design
TABLE 3.2
Determination of Influence Factors
z i z 2 Zs Z4 Z5(Pm) Z6(Pou)
r 3.00 3.00 3.00 3.00 15.00 20.00
1 2.25 2.25 2.25 2.25 11.25 15.00
0 1.50 1.50 1.50 1.50 7.50 10.00
-1 0.75 0.75 0.75 0.75 3.75 5.00
-r 0.00 0.00 0.00 0.00 0.00 0.00
3. Experimental Plan
The experimental plan is shown in Table 3.3 and Table 3.4.
TABLE 3.3
Experimental Plan-Levels
Test z , *2 Z3 Z4 Z5 (Pm) Z6 (P„a)
1 1 1 1 1 1 1
2 -1 -1 1 1 1 1
3 -1 1 -1 1 1 1
4 -1 1 1 -1 1 1
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cont.
5 -1 1 1 1 -1 1
6 -1 1 1 1 1 -1
7 1 -1 -1 1 1 1
8 1 -1 1 -1 1 1
9 1 -1 1 1 -1 1
10 1 -1 1 1 1 -1
11 1 1 -1 -1 1 1
12 1 1 -1 1 -1 1
13 1 1 -1 1 1 -1
14 1 1 1 -1 -1 1
15 1 1 1 -1 1 -1
16 1 1 1 1 -1 -1
17 -1 -1 -1 -1 1 1
18 -1 -1 -1 1 -1 1
19 -1 -1 -1 1 1 -1
2 0 -1 -1 1 -1 -1 1
21 -1 -1 1 -1 1 -1
2 2 -1 -1 1 1 -1 -1
23 -1 1 -1 -1 -1 1
24 -1 1 -1 -1 1 -1
25 -1 1 -1 1 -1 -1
26 -1 1 1 -1 -1 -1
27 1 -1 -1 -1 -1 1
28 1 -1 -1 -1 1 -1
29 1 -1 -1 1 -1 -1
30 1 -1 1 -1 -1 -1
31 1 1 -1 -1 -1 -1
32 -1 -1 -1 -1 -1 -1
33 r 0 0 0 0 0
34 -r 0 0 0 0 0
35 0 r 0 0 0 0
36 0 -r 0 0 0 0
37 0 0 r 0 0 0
5 0
cont.
38 0 0 -r 0 0 0
39 0 0 0 r 0 0
40 0 0 0 -r 0 0
41 0 0 0 0 r 0
42 0 0 0 0 -r 0
43 0 0 0 0 0 r
44 0 0 0 0 0 -r
45 0 0 0 0 0 0
46 0 0 0 0 0 0
47 0 0 0 0 0 0
48 0 0 0 0 0 0
49 0 0 0 0 0 0
50 0 0 0 0 0 0
TABLE 3.4
Experimental Plan-Values Used
Test Zi z 2 Z3 z 4 Z5 (Pm) Z«(Poil)
1 2.25 2.25 2.25 2.25 11.25 15.00
2 0.75 0.75 2.25 2.25 11.25 15.00
3 0.75 2.25 0.75 2.25 11.25 15.00
4 0.75 2.25 2.25 0.75 11.25 15.00
5 0.75 2.25 2.25 2.25 3.75 15.00
6 0.75 2.25 2.25 2.25 11.25 5.00
7 2.25 0.75 0.75 2.25 11.25 15.00
8 2.25 0.75 2.25 0.75 11.25 15.00
9 2.25 0.75 2.25 2.25 3.75 15.00
10 2.25 0.75 2.25 2.25 11.25 5.00











2 0 0.75 0.75
21 0.75 0.75












34 0 . 0 0 1.50
35 1.50 3.00



































0 . 0 0 1.50 7.50
1.50 3.00 7.50
1.50 0 . 0 0 7.50
1.50 1.50 15.00




































Photo 3.1 Bulk density apparatus used in the experiment.
Fig.3.2 ASTM standard apparatus for measuring coal bulk density [71 ].
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cont.
45 1.50 1.50 1.50 1.50 7.50 1 0 .0 0
46 1.50 1.50 1.50 1.50 7.50 1 0 .0 0
47 1.50 1.50 1.50 1.50 7.50 1 0 .0 0
48 1.50 1.50 1.50 1.50 7.50 1 0 .0 0
49 1.50 1.50 1.50 1.50 7.50 1 0 .0 0
50 1.50 1.50 1.50 1.50 7.50 1 0 .0 0
§ 3.2 A p p aratu s
A.S.T.M. D291[7i] describes the method for determining the bulk density 
of crushed coal less than 3.81 cm in size for :
Procedure A — The cone procedure for determining an uncompacted weight 
per cubic foot.
Procedure B — The dropped coal procedure for determining a compacted 
weight per cubic foot, comparable to actual bulk density attained in coke ovens.
A.S.T.M. standard apparatus for cone procedure for measuring coal bulk 
density is shown in Figure 3.2.
In order to reduce the amount of coal required, the bulk densities of the coal 
were measured using modifications of the A.S.T.M. apparatus as shown in Photo
3.1.
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§ 3.3 A n c illa r ie s
(1) Electronic Balance
All weights were determined using a Mettler PC 16 G18 electronic balance 
with sensitivity of ±  0 .1  g.
(2) Microwave oven
Drying of the coal was carried out in a SHARP CAROUSEL R9370 
microwave oven.
(3) Drum
The granulation process was carried out in a pottery porcelain drum 
(diameter 18 cm and length 21 cm). The mouth of the drum was covered with a plate 
which could be removed for loading and unloading. The drum was mounted on two 
rollers, one of which was driven by an electric motor (model: SA 763A1, 935 
R .P.M .).
(4) Microscope
All the samples were examined using the MM 6  Wide field Metallographic 
Microscope.
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§ 3 .4  M a ter ia ls
The experiments were carried out on commercial coal of KCC Bulli seam. 
The size distribution of dry coal is shown in Table 3.1.
The size fraction was prepared by dry sieving techniques. It should be noted 
that sieve sizes refer to the International Standard Sieve Series.
The properties of coal are shown in Table 3A[ii]:
TABLE 3.4
Coal Properties
Coal properties Bulli seam
Volatile matter, % db 
Ash, % db 
Moisture, %
Sulphur, % db 
Swelling no.
Gieseler max. fluidity ddpm 
Vitrinite, vol. -%
Vitrin=ite reflectance (Ro max.) % 




















1. Unless stated otherwise, charges consisting of 1000 g of dry coal, with 
variable amounts of water and oil, and the drum speed of 216 RPM /  min were used 
in this work. To prepare a charge for granulation, the dry coal of different size 
distribution was mixed with a predetermined volume of water and oil which were 
added by burette. The moist and oily coal was put in the drum. During the early 
stages of granulation, the drum was tapped to prevent adhesion of the charge to the 
walls.
2. After thorough mixing for 10 minutes, the mixture was taken out and placed 
in the cone hopper.
3. The previously weighed "cubic foot" box was centered under the discharge 
opening of the hopper. The shutter was removed completely, allowing all of the coal 
to flow into the box and overflow the edges. If loose wet coal did not flow freely 
from the hopper, the levelling bar was used by gently thrusting downward through 
the coal to the valve.
4. After the box was filled , the excess coal above the box edge was carefully
5 6
levelled off by means of the levelling bar, and the box was placed on the platform 
scale. Jarring or shifting of the filled box was avoided until all excess coal was 
levelled off. The difference in weights between the filled and empty box were 
recorded , then the box was emptied.
5. Each bulk density test was carried out twice, more if the difference between 
results was too great, and the average was taken. The bulk density values reported 
are averages of duplicate tests.
6 . The agglomerates of coal were frozen using liquid nitrogen. After freezing the 
size distribution of agglomerates was determined using the Haver and Boeker type 
sieve shaker. To avoid premature thawing of frozen mixture during sieving, liquid 
nitrogen was sprinkled on the wall of the sieves to maintain them at low temperature.
7. Finally, typical agglomerates were selected and dried using the microwave 
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Fig.4.4 Size distribution of agglomerates with 9% moisture content.
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§ 4.1 T he E ffect o f  M oistu re C onten t on the A gg lom erates
The experiments were done to measure the bulk density of KCC coal with 
different moisture content. After that, the size distributions of agglomerates were 
also measured. In the following section, results of the relationship between moisture 
content and agglomeration and bulk density are presented.
4.1.1 Effect of M oisture Content on the Size D istribution of
Agglomerates
Table 4.1 and Figure 4.1 summarize the results of size distribution of KCC 
commercial dry coal. Table 4.2 to Table 4.6 and Figure 4.2 to Figure 4.6 show the 











Fig.4.7 The relationship between mean size and moisture content.
From Figure 4.2 to Figure 4.6, it is evident that the size distribution of 
agglomerates changes with moisture content. The peak of size distribution moves 
from  left to right with increasing moisture content. So the mean size of the 
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Size Distribution of Agglomerates with 3% Moisture Content











Size Distribution of Agglomerates with 6% Moisture Content












Size Distribution of Agglomerates with 9% Moisture Content







75 1.19 0 .1 1
53 0.32 0.03
0 0 .1 1 0 .0 1
TA BLE 4.5
Size Distribution of Agglomerates with 12% Moisture Content







75 0 . 1 1 0 .0 1
53 0 . 0 0 0 . 0 0
0 0 . 0 0 0 . 0 0
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TABLE 4.6
Size Distribution of Agglomerates with 15% Moisture Content





355 2.39 0 . 2 1
125 0.80 0.07
75 0 . 0 0 0 . 0 0
53 0 . 0 0 0 . 0 0
0 0 . 0 0 0 . 0 0
TABLE 4.7
The Mean Size of Agglomerates at Various Moisture Content
Moisture Content (%) Mean Size (jam)
0.0 649
3.0 854
6 . 0 1086
9.0 1522
1 2 .0 2263
15.0 2597
The data of size distributions of dry coal and coal agglomerates with 
different moisture content were processed using the Rosin-Rammler law.
After data processing using computer, a series of correlating equations has
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been obtained as follows:
0 % moisture content:
Y = 1.022x- 3.253 Cor. Coef. 0.97 (4 .1)
3% moisture content:
Y = 1.756x - 5.696 Cor. Coef. 0.96 (4.2)
6 % moisture content:
Y = 2.115x- 7.008 Cor. Coef. 0.98 (4.3)
9% moisture content:
Y = 2.429x- 8.191 Cor. Coef. 0.98 (4 .4 )
1 2 % moisture content:
Y = 2.732x - 9.620 Cor. Coef. 0.99 (4.5)
15% moisture content:
Y = 2.809x - 10.361 Cor. Coef. 0.98 (4.6)
All the above equations and their correlation coefficients show that there is a 
linear relationship between Y(loglogl00/R) and x(logx), supporting the view that the 
Rosin - Rammler curve gives a satisfactory description of these size distributions of 
agglomerates. So the non - dimensional fineness characteristic curve of dry coal is:
R0 = 100 EXP(-1.28*10-3*x1022) (4.7)
Using the same method, the non - dimensional fineness characteristic curve 
of coal agglomerates with 3% moisture content is:
R3 = 100 EXP(-4.6*10-6*xl756) (4.8)
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The coal agglomerates with 6% moisture content is:
R6 = 100 EXP(-2.0*10-7*x2-115) (4.9)
The coal agglomerates with 9% moisture content is:
Rv = 100 EXP(-1.48*10'8*x2-43) (4.10)
The coal agglomerates with 12% moisture content is:
R 12 = 100 EXP(-5.52* 10'10*x2*732) (4.11)
The coal agglomerates with 15% moisture content is:
R 15 = 100 EX P(-1.0* 10 '10*x2-809) (4.12)
The relationship between moisture content and variables in Rosin-Rammler 
law is shown in Table 4.8.
TABLE 4.8
The Relation Between Moisture and Variables in Rosin-Rammler Law
Moisture Content (%) n B b=2.30*10B X
0.0 1.022 -3.253 1.28*10"3 6.77* 102
3.0 1.756 -5.696 4.60 *10'6 1.10*103
6.0 2.115 -7.008 2.00* 10"7 1.47* 103
9.0 2.429 -8.191 1.48*10'8 1.67* 103
12.0 2.732 -9.620 5.52*10‘10 2.45* 103
15.0 2.809 -10.361 1.00* 10'10 3.63*103
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Fig.4.9 The relationship between constant B and moisture content.
Moisture Content (%)
Fig.4.8 The relationship between distribution constant n and moisture content.
Within the range of moisture of 0 - 15%, the variations of n, B and x with 
moisture content are shown in Figure 4.8, 4.9 and 4.10, respectively. These figures 
show that, with increasing m oisture content, both n and x decrease whilst B 
increases. This result is not surprising and in the case of x the trend also mirrors that 
for the mean size in Figure 4.7. However, one feature of the results that may be of 
interest to highlight is that, at 15% moisture content, the sharp rise of n (Figure 4.8) 
has been clearly arrested. Although for lack of agglomerate strength no moisture 
case higher than 15% was investigated, the continued trend would have been that of 
decreasing n. This is because with further moisture addition slurry state would result 
and no agglomerates could then possibly form. In the limit, n should again assume 
the value of that of the original dry coal. From this point of view, the reason for the 
variation of bulk density of coal with moisture (Figure 4.11) can be made more 
forcefully, viz, at too high a moisture content no agglomerates - with their porous 
structure responsible for the low bulk density - can form.
In order to determine whether or not the Rosin Numbers can be used 
directly to explain the phenomenon in agglomeration, the bulk densities were 
measured at the same time.
4.1.2 Effect of M oisture Content on the Bulk Density and the 
R elationship  betw een Bulk Density and Size D istribution of 
Agglomerates
The results of bulk density measurements at different moisture contents are 
given in Table 4.9 and in Figure 4.11.
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Photo 4.1 The formation of agglomerates
6 5
TABLE 4.9
The Relation between Bulk Density and Moisture Content







It is evident from Figure 4.11 that with increasing moisture content, the 
bulk density decreases to a minimum at about 9% moisture content, and then it 
increases. This behaviour is therefore in line with that reported in the literature 
[Section 2.4.2.2].
By reference to section 2.4.2.2, the moisture content at the minimum bulk 
density in Figure 4.11 is different from the values reported for other coals[3], which 
also differ from each other. The fact that this critical moisture content is different for 
different coals may be explained by (1) differences in coal properties and (2) 
differences in particle size distribution, noting that particles referred to here include 
agglomerates also (Photo 4.1).
Differences in coal properties may be expected to only influence the value of 
equilibrium moisture content and not the form of the bulk density - moisture content 
curve (Section 2.1). Therefore, an explanation of the form o f the bulk density - 


















Fig.4.13 The relationship between agglomerate density and moisture content.
n
Fig.4.12 The relationship between distribution constant n and bulk density.
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the particles which governs the states of liquid retention (Section 2.4). A parameter 
that most conveniently quantifies the particle size distribution is the distribution 
constant n of the Rosin-Rammler law (Section 2.3.2).
The experimental results in Figure 4.8 show that the distribution constant n 
increases with increasing m oisture content, i.e. the size range of the particles 
becom es narrow er and the size uniform ity increases. Since the packing
theory[73-74] shows that the void ratio (e) of a particulate mixture increases with 
size uniformity, then, equation (2.4) shows that the resultant bulk density must 
decrease. This is exactly what is observed (Figure 4.12) but only for the first portion 
of the curve, i.e. to the m inimum in Figure 4.11 at the moisture content of - 9%. 
Yet, from the results in Figure 4.8 the distribution constant n still increases even 
after this moisture content has been exceeded.
In seeking an explanation for such unexpected behaviour, it is necessary 
first to establish the variations, if  any, of particle (agglomerate) density at different 
moisture contents.
So the study was made of agglomerates formed in KCC coal at different 
m oisture content using liquid nitrogen sampling. The results of the density 
measurements of individual agglomerates with various moisture content are shown 
in Table 4.10 and in Figure 4.13.
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TABLE 4.10
The Relation between Density of Individual 
Agglomerates and Moisture Content







From Figure 4.13, it can be seen that with increasing moisture content the 
density of individual agglomerates increases to a maximum, then it decreases with 
increasing moisture content.
In equation (2.4), the porosity (e) refers to the porosity of a bed of particles,
i.e. the interparticle porosity. To avoid ambiguity between this porosity and that of 
within - particle or intraparticle porosity, which is implicitly included in the particle
density term (pp), a more precise form of equation (2.4) is:
PB=PA*(1-einter) (4 1 3 >
where pA : the density o f individual agglomerates.
pB : the bulk density o f agglomerates.
n












Fig.4.14 The relationship between interparticle porosity and moisture content.
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£ inter * t îe interparticle porosity.
Since the bulk density (p B) and the density of agglomerates (pA) are
known, then from equation (4.13), the interparticle porosity (£inter) can be calculated 
at different m oisture contents. The results are shown in Table 4.11 and in Figure
4.14 from which it is evident that the maximum interparticle porosity (£^teP occurs 
at the critical moisture content, namely - 9%. Next, the relation between distribution
constant n and interpardcle porosity ) is obtained by simultaneously solving the
relevant functional relationships in Figure 4.8 and Figure 4.9 to eliminate the 
common variable o f moisture content. The result of this calculation is shown in 
Figure 4.15.
T A R L E 4 .il
The Relation between Interparticle Porosity and Moisture Content

















.16 The relationship between interparticle porosity and bulk density.
It is evident, from Figure 4.15 that up to the 9% moisture content, the 
interparticle porosity (einter) increases with increasing values of the distribution
constant n, i.e. in this range of moisture contents, the interparticle porosity (£^te) is 
increased as the size uniformity increases.
In a m anner analogous to that leading to Figure 4.15, the relationship
between bulk density (pB) and the interparticle porosity (£^t ) can be obtained from 
Figure 4.11 and Figure 4.14. The result is presented in Figure 4.16 which shows
that, as expected from theory, for example Equation (4.13), the bulk density (pB) 
increases with a decrease of interparticle porosity (£^teP*
From the foregoing it is obvious that in the moisture content range of 0% -
9% the bulk density (pB) can be determined from the knowledge of the Rosin - 
Rammler distribution constant n.
W hen the m oisture content exceeds 9%, the density of individual 
agglom erates decreases with increasing moisture content (Figure 4.13), i.e.
intraparticle porosity (£^tt ) must increase. This is because for a single agglomerate,
equation (2.4) can be written in another form to distinguish intraparticle porosity 
from interparticle porosity which has no meaning for a single particle. This form is:
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P a = pT * ( l-  £• )“ A r T  v ultra' (4.14)
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where pA : the density of individual agglomerates.
pT : the true density of original coal particulate, 
e^tra : the intraparticle porosity.
As noted in Section 2.4.1.2, the tensile strength of agglomerates decreases 
with increasing intraparticle porosity. Because the tensile strength of agglomerates 
decreases, the ease o f deformation of the agglomerates increases. As a consequence,
beyond 9% m oisture content the interparticle porosity (eintcr) decreases with an
increase in moisture content (Figure 4.14), i.e. the bulk density (pB) must increase 
(Equation 4.13). This is also verified by the measurements (Figure 4.11) which
show that the bulk density (pB) increases with increasing moisture content beyond 
the critical moisture content o f - 9%.
Clearly, in this case, the distribution constant n, which is obtained from 
sieving analysis, can only be used to indicate the size distribution of agglomerates, 
but not the deformation of agglomerates, i.e. the interparticle porosity can not be 
determined from the size distribution of agglomerates. Therefore, there is also no
relationship between the bulk density (pfi) and the size distribution of agglomerates,
i.e. the bulk density (pfi) at moisture content greater than 9% can not be predicted 
from the distribution constant n.
From this work, it can be concluded that when the moisture content exists, 
the agglomeration takes place as shown in Photo 4.1. In the agglomerate mixture, 
there are two kinds of porosities, namely intraparticle porosity within an agglomerate 
and interparticle porosity among the agglomerates packed in a container. In the 
moisture content range before the minimum bulk density, the interparticle porosity of 
agglom erates is the main factor influencing the bulk density. In this range the 
relationship between bulk density and the size distribution of agglomerates exists 
and the bulk density can be determined by the distribution constant n. When the 
moisture content exceeds the point at which the bulk density begins to increase, the 
deformation of agglomerates occurs. As the size distribution of agglomerates can not 
reflect the deformation of agglomerates, so the bulk density can not be predicted 
from the distribution constant n.
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§ 4 .2  T h e  E f fec t  o f  M o is tu re  C onten t ,  Oil A d d it io n  and  
O rig in a l  Coal Size D istr ibution  on the A gg lom erates
In industrial cokemaking, it is known that not only water is added to coal 
but also oil is added. In order to find the relationship between (1) size distribution of 
agglomerates and moisture content, oil addition and original coal size distribution, 
(2) bulk density and moisture content, oil addition and original coal size distribution 
and (3) size distribution of agglomerates and bulk density, a series of experiments 
were done based on experimental design [Section 3.1].
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4.2.1 The Relationship between the Size Distribution of Agglomerates
and Moisture Content, Oil Addition and Original Coal Size Distribution
The fifty batches of agglomerates were sieved and the size distributions of 
agglomerates with different conditions of moisture content, oil addition and original 
coal size distribution were measured. The results are shown in Table 4.10 to Table 
4.59 [Appendix - 1 to 50].
The data were processed by computer using Rosin - Rammler law. The fifty 
correlation equations obtained are listed below:
(1) y = 1.573x- 5.260 Cor. Coef. 0.97 (4.18)
(2) y = 1.653x - 5.503 Cor. Coef. 0.95 (4.19)
(3) y = 1.855x - 6.128 Cor. Coef. 0.92 (4.20)
(4) y = 1.258x - 4.313 Cor. Coef. 0.95 (4.21)
(5) y = 1.870x- 6.219 Cor. Coef. 0.93 (4.22)
(6) y = 1.929x - 6.543 Cor. Coef. 0.95 (4.23)
(7) y =  1.557x- 5.167 Cor. Coef. 0.92 (4.24)
(8) y = 1.411x - 4.751 Cor. Coef. 0.95 (4.25)
(9) y = 1.486x - 5.007 Cor. Coef. 0.94 (4.26)
(10) y = 1.973x - 6.701 Cor. Coef. 0.93 (4.27)
(ID y = 1.296x - 4.469 Cor. Coef. 0.94 (4.28)
(12) y = 1.589x - 5.322 Cor. Coef. 0.93 (4.29)
(13) y = 1.610x - 5.343 Cor. Coef. 0.93 (4.30)
(14) y = 1.277x - 4.303 Cor. Coef. 0.93 (4.31)
(15) y = 1.030x - 3.597 Cor. Coef. 0.96 (4.32)
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(16) y = L456x - 4.844 Cor. Coef. 0.96 (4.33)
(17) y = 1.366x - 4.615 Cor. Coef. 0.95 (4.34)
(18) y = 1.477X - 4.944 Cor. Coef. 0.94 (4.35)
(19) y = 1.683X - 5.595 Cor. Coef. 0.96 (4.36)
(20) y = 1.234x - 4.148 Cor. Coef. 0.92 (4.37)
(21) y = 1.237X - 4.433 Cor. Coef. 0.95 (4.38)
(22) y = 1.403X - 4.589 Cor. Coef. 0.96 (4.39)
(23) y = 1.301x - 4.385 Cor. Coef. 0.93 (4.40)
(24) y = 1.581x - 5.215 Cor. Coef. 0.95 (4.41)
(25) y = 1.219x - 4.006 Cor. Coef. 0.94 (4.42)
(26) y = 1.150x - 3.830 Cor. Coef. 0.95 (4.43)
(27) y = 1.225x - 4.140 Cor. Coef. 0.93 (4.44)
(28) y = 1.501x - 4.956 Cor. Coef. 0.95 (4.45)
(29) y = 1.334x - 4.421 Cor. Coef. 0.94 (4.46)
(30) y = 1.181x - 3.942 Cor. Coef. 0.94 (4.47)
(31) y = 1.136x - 3.772 Cor. Coef. 0.92 (4.48)
(32) y = 1.148x - 3.717 Cor. Coef. 0.91 (4.49)
(33) y = 1.381x - 4.712 Cor. Coef. 0.95 (4.50)
(34) y = 1.496x - 5.005 Cor. Coef. 0.93 (4.51)
(35) y = 1.182x - 4.038 Cor. Coef. 0.95 (4.52)
(36) y = 1.285x - 4.260 Cor. Coef. 0.92 (4.53)
(37) y = 1.344x - 4.613 Cor. Coef. 0.95 (4.54)
(38) y = 1.360x - 4.522 Cor. Coef. 0.91 (4.55)
(39) y = 1.346x - 4.601 Cor. Coef. 0.95 (4.56)
(40) y = 1.197x - 3.853 Cor. Coef. 0.89 (4.57)
(41) y = 1.3lOx - 4.600 Cor. Coef. 0.97 (4.58)
(42) y = 1.329x - 4.502 Cor. Coef. 0.92 (4.59)
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(43) y = 1.037x - 3.498 Cor. Coef. 0.87 (4.60)
(44) y = 1.307x - 4.590 Cor. Coef. 0.94 (4.61)
(45) y = 1.340x - 4.528 Cor. Coef. 0.94 (4.62)
(46) y = 1.599x - 5.382 Cor. Coef. 0.94 (4.63)
(47) y = 1 .3 3 4 x -4.532 Cor. Coef. 0.94 (4.64)
(48) y = 1.881x - 6.354 Cor. Coef. 0.94 (4.65)
(49) y = 1.529x - 5.195 Cor. Coef. 0.96 (4.66)
(50) y = 1.395x - 4.708 Cor. Coef. 0.95 (4.67)
By inspection, the equations have the same form, i.e. y = nx + B. 
Regressive methods were used to obtain the relationship between the distribution 
constant n and moisture content, oil addition and original coal size distribution and 
also the relationship between the constant B and moisture content, oil addition and 
original coal size distribution. The regression equations obtained are given below:





-0.334* 10‘2*Pm*Poil-0 .143* 10"2*(Poil)2 (4.68)
B = -193.84* 10'2-64.990*10'2*x,-25.566*10'2*P -14.755*10-2*P ../  m oil




+1.254* 10"2*Pm*Poi]+0.451* 10'2*(Poil)2 (4.69)
where Pm : moisture content (%), 0 < P  <15.
Poil : oil addition (liter/ton), 0 < Poil < 20. 
xp x2’ x3 an^ X4 • s ẑe distribution functions defined in chapter 
three, 0 < Xj < 3, 0 < x2 < 3, 0 < x3 < 3, 0 < x4 < 3.
n is the distribution constant in Rosin - Rammler law and constant b is equal 
to 2.30 * 10B [Section 2.3.2].
At the same time the regression equation of relationship between absolute 
size constant x and moisture content, oil addition and original coal size distribution 
was obtained as follows:




Fig.4.17 The relationship between distribution constant n and moisture content
The condition is: 
x l X2 X3 X4 p m Poil
1 3.0 1.5 0.5 0.0 u 5.0
2 3.0 1.5 0.5 0.0 u 15.0
3 0.0 0.5 1.5 3.0 u 5.0
4 0.0 0.5 1.5 3.0 u 15.0
5 2.5 0.5 0.5 2.5 u 5.0
6 2.5 0.5 0.5 2.5 u 15.0
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m1. Correlation of Distribution Constant n and Moisture Content P
From equation (4.68), it is obvious that
dn
3Pm
= 7.708*10‘2 -0.507* 10-2*xr 0.842*10-2*x2- l .228* 10'2* 
x3+0.996*10‘2*x4-0.334*10'2*Poil (4.71)
The relationship between moisture content and distribution constant n for 
the different conditions is given in Figure 4.17.
Figure 4.17 shows that with increasing moisture content all the lines of 
distribution constant n increase except for Line 2 which decreases. Lines 3 and 5 of 
distribution constant n increase sharply and Lines 1, 4, and 6 increase slowly with 
increasing moisture content.
From equation (4.71) and Figure 4.17, it can be seen that the relationship 
between moisture content and distribution constant n is controlled by the oil addition
and the original coal size distribution functions. If Poi] < 23.078-1.518*x1-2.521*
x2-3.677*x3+2.982*x4, distribution constant n increases with increasing moisture
content. It means that the size range of agglomerates narrows with increasing 
m oisture content. The bulk density should decrease [Sections 2.2 and 2.3].
Conversely, if Poil > 23.078-1.518*xr 2.521*x2-3.677*x3+2.982*x4, distribution
constant n decreases w ith increasing m oisture content. The size range of 
agglomerates widens with increasing moisture content and therefore the bulk density 
should increase with increasing moisture content.
Fig-4.18 The relationship between distribution constant n and oil addition. 
The condition is:
x i X2 x3 X4 p m Pci!
1 3.0 1.5 0.5 0.0 3.0 u
2 3.0 1.5 0.5 0.0 12.0 u
3 0.0 0.5 1.5 3.0 3.0 u
4 0.0 0.5 1.5 3.0 12.0 u
5 2.5 0.5 0.5 2.5 3.0 u
6 2.5 0.5 0.5 2.5 12.0 u
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oil2. Correlation of Distribution Constant n and Oil Addition P
From equation (4.68), it is obvious that
dn
—-  = 4.875* 10'2 -0.360* 10'2*x1+0.798*10'2*x2-0.334*
3 P oil
10’2*Pm-0-286 *10‘2*Poil (4.72)
The relationship between oil addition and distribution constant n for the 
different conditions is shown in Figure 4.18.
Figure 4.18 shows that with increasing oil addition Curves 1, 2, 3, 4 and 5 
of distribution constant n increase to a maximum, then they decrease. The maximum 
points are different with the different test conditions. It is evident that the higher the 
moisture content is, the higher the initial value of distribution constant n is when the 
original coal size distribution is same. Only Curve 6 of distribution constant n 
decreases with increasing oil addition.
From equation (4.72) and Figure (4.18), it can be seen that the relationship 
between oil addition and distribution constant n is controlled by oil addition itself,
moisture content and size distribution functions x1 and x2 of the original coal. If the
sum value Poil+1.168*Pm < 17.045-1.259*x1+2.790*x2, the distribution constant
n increases with increasing oil addition. This means that the size range of 
agglomerates narrows with increasing oil addition. Consequently, bulk density
should decrease with increasing oil addition. Conversely, if Poil+1.168*Pm >
X1
Fig.4.19 The relationship between distribution constant n and size distribution 
function Xj of the original coal.
The condition is:
x i *2 x3 x4 Pmm PoIl
1 u 1.5 1.5 1.5 7.5 10.0
2 u 2.5 1.5 0.5 12.0 5.0
3 u 2.5 1.5 0.5 3.0 15.0
4 u 0.5 1.5 2.5 12.0 5.0
5 u 0.5 1.5 2.5 3.0 15.0
6 u 1.5 1.5 1.5 15.0 5.0
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oil addition. This means that the size range of agglomerates widens with increasing 
oil addition. Consequently, bulk density should increase with increasing oil 
addition.
17.045- 1.259*x1+2.790*x2, the distribution constant n decreases with increasing
3. Correlation of Distribution Constant n and Size Distribution Function Xj of the 
Original Coal
From equation (4.68), it is evident that 
On
— ■-= 11.788* I0 '2*x1-9.023* 10‘2*x9-0.507* 10‘2*P -0.360* 10‘2 *P ..1 z  m oil
dxj (4.73)
The relationship between size distribution function xx of the original coal 
and distribution constant n for the different conditions is shown in Figure 4.19.
Figure 4.19 shows that with increasing size distribution function Xj of the
original coal all the curves of distribution constant n decrease to a minimum, then 
they increase. The minimum points are different with the different test conditions.
From equation (4.73) and Figure 4.19, it can be seen that the relationship 
between size distribution function x l of the original coal and distribution constant n
is controlled by moisture content, oil addition and size distribution functions Xj and 
x2 of the original coal. If Xj > 0.765* x2+0.043* Pm+0.031* Poil, distribution 
constant n increases with increasing size distribution function of the original coal.
Fig.4.20 The relationship between distribution constant n and size distribution 
function of the original coal.
The condition is:
x i x2 X3 X4 P oil
1 1.5 u 1.5 1.5 7.5 10.0
2 2.5 u 1.5 0.5 12.0 5.0
3 2.5 u 1.5 0.5 3.0 15.0
4 0.5 u 1.5 2.5 12.0 5.0
5 0.5 u 1.5 2.5 3.0 15.0
6 1.5 u 1.5 1.5 15.0 5.0
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This means that the size range of agglomerates narrows with increasing x r  
Consequently, bulk density should decrease with increasing size distribution 
function x 1 of the original coal. Conversely, if x{ < 0.765* x2+0.043* Pm+0.031*
Poil, distribution constant n decreases with increasing size distribution function x: of 
the original coal. This means that the size range of agglomerates widens with 
increasing xv Consequently, bulk density should increase with increasing size
distribution function xx of the original coal.
4. Correlation of Distribution Constant n and Size Distribution Function x2 of the 
Original Coal
From equation (4.68), it can be seen that 
On
— - = 20.272* 10'2-9.023* 10‘2*x1-7.232* 10'2* x2-2.340* 10'2* x3
0X2
+4.093*10'2*x4-0.842*10‘2*Pm+0.798*10'2*Poil (4.74)
The relationship between size distribution function x2 o f the original coal 
and distribution constant n for the different conditions is given in Figure 4.20.
Figure 4.20 shows that with increasing size distribution function x2 of the
original coal Lines 1, 3 and 4 of distribution constant n increase to a maximum, then 
they decrease. The maximum points are different with the different test conditions. 
But Lines 2 and 6 o f distribution constant n decrease and Line 5 increases with
increasing size distribution x2 o f the original coal. And also Line 2 decreases more
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sharply than Line 6 with increasing x2.
From equation (4.74) and Figure 4.20, it is evident that the relationship 
between size distribution function x2 of the original coal and distribution constant n
is controlled by moisture content, oil addition and size distribution functions Xp x2, 
x3 and x4 of the original coal. If x2< 2.803-1.248*x1-0 .324*x3+ 0 .566*x4- 
0 .116*P m + 0.110*Poil, distribution constant n increases with increasing size 
distribution function x2 of the original coal. This means that the size range of 
agglom erates narrows with increasing x2. Consequently, bulk density should 
decrease with increasing size distribution function x2 of the original coal. 
Conversely, if  x2 > 2.803-1.248*x1-0.324*x3+0.566*x4-0.116* Pm+0.110*Poil,
distribution constant n decreases with increasing size distribution function x2 of the 
original coal. This means that the size range of agglomerates widens. Consequently, 
bulk density should increase with increasing x2.
5. Correlation of Distribution Constant n and Size Distribution Function x3 of the 
Original Coal
From equation (4.68), it is evident that 
3n





Fig.4.21 The relationship between distribution constant n and size distribution
function x3 of the original coal.
The condition is:
x i x2 x3 x4 Poü
1 1.5 1.5 u 1.5 7.5 10.0
2 2.5 1.5 u 0.5 12.0 5.0
3 2.5 1.5 u 0.5 3.0 15.0
4 0.5 1.5 u 2.5 12.0 5.0
5 0.5 1.5 u 2.5 3.0 15.0
6 1.5 1.5 u 1.5 15.0 5.0
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The relationship betw een distribution constant n and size distribution 
function x3 of the original coal for the different conditions is shown in Figure 4.21.
Figure 4.21 shows that with increasing size distribution function x3 of the
original coal Lines 1, 4 and 5 of distribution constant n increase and Lines 2, 3 and 6 
of distribution constant n decrease. Line 5 increases more sharply than Lines 1 and 
4. Line 2 decreases more sharply than Lines 3 and 6.
From equation (4.75) and Figure 4.21, it can be seen that the relationship 
between distribution constant n and size distribution function x3 of the original coal
is controlled by moisture content and size distribution functions x2 and x4 of the 
original coal. If Pm < -1.906*x2+7.372*x4, distribution constant n increases with 
increasing size distribution function x3 of the original coal. This means that the size 
range of agglomerates narrows with increasing x3. Consequently, bulk density 
should decrease. Conversely, if Pm > -1.906*x2+7.372*x4, distribution constant n 
decreases with increasing x3. This means that the size range of agglomerates widens 
with increasing size distribution function x3 of the original coal. Consequently, bulk
density should increase with increasing x3.
Fig.4.22 The relationship between distribution constant n and size distribution 
function x4 of the original coal.
The condition is:
x i x2 x3 H pmm P oil
1 1.5 1.5 1.5 u 7.5 10.0
2 2.5 1.5 0.5 u 12.0 5.0
3 2.5 1.5 0.5 u 3.0 15.0
4 0.5 1.5 2.5 u 12.0 5.0
5 0.5 1.5 2.5 u 3.0 15.0
6 1.5 1.5 1.5 u 15.0 5.0
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6. Correlation of Distribution Constant n and Size Distribution Function x4 of the 
Original Coal
From equation (4.68), it is evident that 
dn
—  = 4.093* 10'2*x9+9.053* 10'2*x9-5.526* 10-2*x,+0.996* 10'2*P 
3x4 (4.76)
The relationship between distribution constant n and size distribution 
function x4 of the original coal for the different conditions is shown in Figure 4.22.
Figure 4.22 shows that with increasing size distribution function x4 of the
original coal Lines 1, 2, 4, 5 and 6 of distribution constant n increase, but Line 3 
increases to a maximum then it decreases very slightly.
From equation (4.76) and Figure 4.22, it can be seen that the relationship 
between distribution constant n and size distribution function x4 of the original coal
is controlled by moisture content and size distribution functions x2, x3 and x4 of the 
original coal. If x4 < 0.741* x2+1.638* x3+0.180* Pm, distribution constant n 
increases with increasing size distribution function x4 of the original coal. This 
m eans that the size range of agglom erates narrows with increasing x4. 
Consequently, bulk density decreases with increasing size distribution function x4 of 
the original coal. Conversely, if x4 > 0.741*x2+1.638*x3+0.180*Pm, distribution 
constant n decreases with increasing size distribution function x4 of the original coal.
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This means that the size range of agglomerates widens with increasing x4. 
Consequently, bulk density should increase with increasing size distribution 
function x4 of the original coal.
7. Correlation of Absolute Size Constant x, Constant B and Moisture Content, Oil 
Addition and Size Distribution Functions of the Original Coal
According to equation (4.69), and equation (4.70), it can be said that the 
constant B and absolute size constant x can be controlled by adjusting the moisture 
content, oil addition and size distribution functions of the original coal.
But the problem is that the relationship between bulk density and moisture 
content, oil addition and original coal size distribution and the relationship between 
bulk density and size distribution of agglomerates are not known. In the next 
section, the relationship between bulk density and moisture content, oil addition and 
original coal size distribution will be discussed.
4.2.2 The Relationship between the Bulk Density and Moisture Content, 
Oil Addition and Original Coal Size Distribution
As mentioned above, a series of experiments were done to measure the size 
distributions of agglomerates according to the experimental design, while the bulk 
densities were m easured using a modified A.S.T.M. method. Then the bulk 
densities with different m oisture content, oil addition and original coal size 
distribution were obtained.
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The experimental data o f bulk densities were processed by the computer 
using regression method. The regression equation obtained is as follows:
pB = 0.709+2.333* 10~2*x3- l . 576* 10"2*Pm-0.362* 10"2*x4*Pm
+0.300*10'2*x4*Poil+0.153*10 '2*Pm*Poif0.067*10~2*(Poil)2
(4.77)
where Pm : moisture content (%), 0 < Pm < 15.
Poil: oil addition (liter/ton), 0 < Poil <20.
x3 and x4 : size distribution functions defined in chapter three,
0 < x3 < 3, 0 < x4 < 3.
It is evident that in equation (4.77) there are four factors influencing bulk 
density. They are moisture content, oil addition and size distribution functions x3
and x4 of the original coal. Next, the relationship between bulk density and these 
four factors will be discussed separately.
1. Correlation between Bulk Density and Moisture Content
From equation (4.77), it is evident that
dpB













Fig.4.23 The relationship between bulk density and moisture content.
The condition is: 
x3 X4 Pmm P oil
1 2.5 0.5 U 5.0
2 2.5 0.5 U 15.0
3 0.5 2.5 u 5.0
4 0.5 2.5 u 15.0
5 1.5 1.5 u 4.6
6 1.5 1.5 u 15.0
8 5
Plot o f bulk density p B versus m oisture content Pm for the different 
conditions is given in Figure 4.23.
Figure 4.23 shows that with increasing moisture content the bulk density 
Lines 2, 4 and 6 increase, with Line 4 increasing much more slowly than Lines 2 
and 6. On the other hand, the bulk density Lines 1, 3 and 5 decrease with 
increasing moisture content.
From equation (4.78) and Figure 4.23, it can be seen that the relationship 
between bulk density and moisture content is controlled by oil addition and size
distribution function x4 of the original coal. If Poil > 10.301+2.366*x4, the bulk
density increases with increasing m oisture content. Conversely, if Poil <
10.301+2.366* x4, the bulk density can be increased by decreasing the moisture 
content.
Comparing Figure 4.23 with Figure 4.11, there is one distinct difference 
between them. In Figure 4.11, the line is a curve, but in Figure 4.23, all lines are 
straight lines. The possible reasons are: (1) the curve of Figure 4.11 comes from 
direct experimental data, but the lines of Figure 4.23 come from the regression 
equation of experimental data; (2) the experimental conditions of Figure 4.11 are the 
same size distribution of the original coal and no oil addition, but the experimental 
conditions of Figure 4.23 are that oil addition and the original coal size distribution 
are changed; (3) the different formation mechanism of agglomerates may be expected 
when water alone is added than when water and oil are added together.
• 0 5 . 0  1 0 . 0  1 5 . 0  2 0 . 0
Oil Addition (liter/ton)
Fig.4.24 The relationship between bulk density and oil addition. 
The condition is:
x3 X4 p m Pen
1 2.5 0.5 3.0 U
2 2.5 0.5 12.0 U
3 0.5 2.5 3.0 U
4 0.5 2.5 12.0 U
5 1.5 1.5 3.0 u
6 1.5 1.5 12.0 u
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2. Correlation between the Bulk Density and Oil Addition
From equation (4.77), it is evident that
dpR
------ = 0.300* 10'2*x4+0. 153 * 10~2*Pm-0 .134* 10 '2*Poil (4.79)
Plot of bulk density and oil addition for the different conditions is given in 
Figure 4.24.
Figure 4.24 shows that with increasing oil addition, all curves of bulk 
density increase to a maximum, then they decrease. The maximum points are 
different with the different test conditions. Curves 1, 3, and 5 of bulk density 
increase much more slowly than Curves 2, 4, and 6. But the initial values of Curves 
1, 3 and 5 are larger than that o f Curves 2, 4 and 6.
Equation (4.79) and Figure 4.24 show that the relationship between bulk 
density and oil addition is controlled by moisture content, oil addition and size
distribution function x4 of the original coal. If Po,l < 2 .24*x4+1.14*Pm, the bulk 
density increases with increasing oil addition. Conversely, if Poil > 2.24*x4+1.14* 
P the bulk density can be increased by decreasing oil addition.
From Figure 4.24, it can be seen that Curves 1, 3 and 5 have a common 
point of intersection. From experimental conditions, it is evident that if the condition 
of moisture content is same and also oil addition is same, no matter how the size 
distribution o f the original coal changes, the point of intersection exists, i.e. the
Fie.4.25 The relationship between bulk density and size distribution funcdon x3 of
the original coal. 
The condition is:
x3 X4 Poil
1 u 0.5 12.0 5.0
2 u 0.5 3.0 15.0
oJ u 2.5 12.0 5.0
4 u 2.5 3.0 15.0
5 u 1.5 12.0 5.0
6 u 1.5 3.0 15.0
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bulk density must have the same value.
3. Correlation between the Bulk Density and Size Distribution Function x3 of the 
Original Coal
From equation (4.77), it can be seen that
dpfi
—-  = 2.333* 10-2 (4.80)
dx3
Plot o f bulk density versus size distribution function x3 for the different 
conditions is given in Figure 4.25.
Figure 4.25 shows that with increasing size distribution function x3 of the 
original coal all lines of bulk density increase.
The results from equation (4.80) and Figure 4.25 show that the relationship 
between bulk density and size distribution function x3 of the original coal is 
controlled by a positive constant. These results indicate that the bulk density 
increases with increasing size distribution function x3 of the original coal. The 
different experimental condition only changes the initial value of bulk density, but 
could not change the increasing tendency of bulk density with increasing x3.
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Fig.4.26 The relationship between bulk density and size distribution function x4 of
the original coal. 
The condition is:
x3 X 4 pm Poil
1 0.5 u 3.0 5.0
2 0.5 u 3.0 15.0
3 2.5 u 12.0 5.0
4 2.5 u 12.0 14.5
5 0.5 u 12.0 5.0
6 2.5 u 3.0 15.0
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4. Correlation between Bulk Density and Size distribution Function x4 o f the 
Original Coal
From equation (4.77), it is evident that
ôp b
-—  = -0.362* 10-2*Pm+0.300*10-2 *Poil (4.81)
dx4
Plot o f bulk density versus size distribution function x4 of the original coal 
for the different conditions is given in Figure 4.26.
Figure 4.26 shows that with increasing size distribution function x4 of the
original coal Lines 1, 2 and 6 increase and Lines 3 and 5 decrease. Line 1 increases 
much more slowly than Lines 2 and 6. Line 4 remains horizontal with increasing
size distribution function x4 of the original coal.
From equation (4.81) and Figure 4.26 it can be seen that the relationship 
between the bulk density and size distribution function x4 of the original coal is
controlled by moisture content and oil addition. If the ratio R = Poil /  Pm > 1.21, the 
bulk density increases with increasing size distribution function x4 of the original 
coal. If R = P jj /  Pm < 1.21, the bulk density can be increased by decreasing the 
size distribution function x4 of the original coal. When x3 = 2.5, Pm = 12.0 %, PQÜ 
= 14.5 liter/ton, the bulk density is not influenced by x4 at all.
Fig.4.30 The relationship between bull: density and size distribution functions x3
and x4 o f the original coal.
The condition is:
X3 X4 P m P oil
u y 3.0 15.0
Fig.4.29 The relationship between bulk density and size distribution functions x3
and x4 of the original coal.
The condition is:













Fig.4.28 The relationship between bulk density and m oisture content and oil
addiuon.
The condition is:
x 3 x 4 P m P oil
2.5 0.5 u y
Fig.4.27 The relationship between bulk density and moisture content and oil
addition.
The condition is:
X3 X4 P ra Poll
0.5 2.5 u y
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5. Others
The isograms o f the relationship between bulk density and moisture content 
and oil addition are shown in Figure 4.27 and Figure 4.28 and the relationship
between bulk density and size distribution functions x3 and x4 of the original coal 
are shown in Figure 4.29 and Figure 4.30.
Figures 4.27 and 4.28 show that moisture content, oil addition and their 
interactions affect bulk density. The direction of arrows shown in Figures 4.27 and 
4.28 is the direction o f increasing bulk density. The change tendency indicated by 
Arrows 1 and 2 is same and Arrows 3 and 4 is same. The rate of change of bulk 
density of 1 and 2 is much sharper than that of 3 and 4. The only difference between 
Figure 4.27 and Figure 4.28 is the different size distribution of the original coal. 
Com paring Figure 4.27 to Figure 4.28, it is evident that the different size 
distribution of the original coal only changes the position of the curves, but does not 
change the direction and the rate of bulk density change.
Figures 4.29 and 4.30 show that the size distribution functions x3 and x4 of
the original coal and their interaction affect bulk density. The direction of arrows 
shown in Figures 4.29 and 4.30 is the direction of increasing bulk density. 
Comparing these two figures it can be seen that with increasing size distribution
function x3 of the original coal, the bulk density always increases in the two figures, 
but the bulk density decreases in Figure 4.29 and the bulk density increases in 
Figure 4.30 with increasing size distribution function x4 of the original coal. This is
because the test conditions were different, i.e. moisture content is different and also 
oil addition is different in these two figures.
B












Absolute Size Constant (Jim)
Fig.4.32 The relationship between absolute size constant x and bulk density.
n
Fig.4.31 The relationship between distribution constant n and bulk density.
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The results presented here strongly indicate that the effects of moisture 
content, oil addition, original coal size distribution and their interactions are very 
important factors controlling the bulk density of a coal. In industrial cokemaking 
processes, particle size distribution of coal is generally also recognised as an 
important parameter. However it is not routinely measured and used as the criterion 
for control because o f the difficulty of making reliable size m easurements 
sufficiently rapidly and with an acceptable expenditure of effort to make the data 
useful in plant control[70]. An alternative, as shown by the preceeding results is to 
use the moisture content and oil addition for adjusting the bulk density of coal.
4.2.3 The Relationship between Bulk Density and Size Distribution of 
Agglomerates
It is known that agglomeration of coal particles takes place when coal 
mixture contains moisture and oil. From macroscopical view, the change of size 
distribution of agglomerates with different condition of moisture content, oil addition 
and the original coal size distribution causes the change of bulk density. So it may be 
useful to find the relationship between bulk density and size distribution of 
agglomerates.
From experimental and calculated results, the relationship between bulk 
density and the distribution constant n of agglomerates is shown in Figure 4.31, and 
that between bulk density and the absolute size constant x is shown in Figure 4.32, 
whilst the relationship between bulk density and the constant B is shown in Figure
4.33.
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From Figure 4.31 , it can be seen that there is a slight but definite tendency 
of bulk density to increase with decreasing n. This result therefore confirms the 
conclusion made earlier that the distribution constant n expresses the size range of a 
distribution. Thus an increasing value of distribution constant n means the size 
range narrows, i.e. the uniformity of agglomerate sizes increases. Consequently, the 
interparticle porosity o f agglom erates increases, i.e. the bulk density decreases 
[Section 4.1.2]. On the contrary, a decreasing value of distribution constant n means 
the size range widens, i.e. the uniformity of agglomerate sizes decreases. So the 
interparticle porosity decreases, i.e. the bulk density increases.
From Figures 4.32 and 4.33, it is evident that the bulk density slightly 
increases with decreasing absolute size constant x and increasing constant B.
Also from Figure 4.31 to 4.33, it can be seen that the data are scattered. 
This suggests that bulk density is most probably not only affected by interparticle 
porosity but also by intraparticle porosity of the individual agglomerates.
§ 4.3 The M icroscopical  Study
As part of the study of agglomeration, typical agglomerates were selected 
for examination. After preparation o f the samples according to the procedure 
described in Section 3.5, the samples were examined under the microscope.
Photo 4.4 The agglomerate with 9% moisture content (53x).
Photo 4.5 The agglomerate with 9% moisture content (205x)
Photo 4.2 The agglomerate with 3% moisture content (53x).
Photo 4.3 The agglomerate with 3% moisture content (205x).
92
4.3.1 Effect of Moisture Content on Agglomerate Structure
After measuring size distribution of agglomerates, bulk density and density 
o f agglomerates, typical agglomerates with 3%, 9% and 15% moisture content were 
selected for structure examination.
Photos 4.2 and 4.3 show the structure of agglomerates with 3% moisture 
content. At a low magnification, from Photo 4.2, it can be seen that the form of the 
agglomerate is not spherical. At a high magnification, Photo 4.3 shows that all the 
particles in the centre of the agglomerate are large, but the particles in the surface 
layer are small. This result indicates that the growth mechanism at first is nucleation, 
followed by layering (snowballing).
The structure of agglomerates with 9% moisture content are shown in 
Photos 4.4 and 4.5 at low and high magnifications respectively. It is evident that in 
this case the form of the agglomerate is spherical (Photo 4.4). From Photo 4.5, it 
can be seen that the particles in the centre of the agglomerate are large, and the 
particles in the surface layer are a mixture of small and large panicles. This result 
means that the growth mechanism is (1) nucleation; (2) random coalescence; (3) 
layering (snowballing).
Comparing Photos 4.2 and 4.4 , it can be seen that the outline of the two 
agglomerates is quite different, i.e. the agglomerate in Photo 4.2 is much more non 
- spherical than that in Photo 4.4. This is because the mixture o f coal with 
insufficient liquid - 3% moisture content, forms loose aggregates or "crumbs" 
(Photo 4.2) in which the void space between the coal particles is only in part filled 
with liquid which forms bridges between individual particles [Section 2.4.1.1 and
Photo 4.8 The agglomerate taken from the experimental which 
gave the highest bulk density (53x).
Photo 4.9 The agglomerate taken from the experimental which
gave the lowest bulk density (53x).
Photo 4.6 The agglomerate with 15% moisture content (53x).
Photo 4.7 The agglomerate with 15% moisture content (205x)
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2.4.3]. This is "pendular state".
Comparing Photos 4.3 and 4.5, it is evident that the structure of the two 
agglomerates is different, i.e. particles of the agglomerate with 9% moisture content 
in Photo 4.5 are closer together than that of the agglomerate with 3% moisture 
content in Photo 4.3, i.e. the agglomerate density with 9% moisture content is larger 
than that of the agglomerate with 3% moisture content [Table 4.10].
Photos 4.6 and 4.7 show the agglomerate with 15% moisture content at low 
and high magnifications respectively. These two photos can not reflect the 
deform ation of the agglom erates discussed in Section 4.1.2 because the 
agglomerates had to be dried before the samples could be made. However, the 
growth mechanism of these agglomerates can be deduced from these photos as being 
coalescence and layering (snowballing).
4.3.2 Effect of Moisture Content, Oil Addition and Original Coal Size 
Distribution on Agglomerate Structure
After size distribution of agglomerates and bulk densities were measured, 
typical agglomerates with different moisture content, oil addition and the original 
coal size distribution were selected for examination under microscope. Photo 4.8 
shows the structure o f an agglomerate taken from the experiment which gave the 
highest bulk density and Photo 4.9 shows that o f an agglomerate taken from the 
experiment which gave the lowest bulk density. By inspection, both cases feature a
Photo 4.14 The agglomerate taken from the experimental which 
gave the lowest bulk density (846x).
Photo 4.15 The agglomerate taken from the experimental which
gave the highest bulk density (864x).
Photo 4.12 The agglomerate taken from the experimental which 
gave the highest bulk density (205x).
Photo 4.13 The agglomerate taken from the experimental which
gave the lowest bulk density (205x).
Photo 4.10 The agglomerate taken from the experimental which 
gave the highest bulk density (83x).
Photo 4.11 The agglomerate taken from the experimental which
gave the lowest bulk density (83x).
layered structure. At a high magnification (Photos 4.10 and 4.11), it is evident that 
the layer thickness of the agglomerate from the highest bulk density coal sample 
(Photo 4.10) is much larger than that of the agglomerate from the lowest bulk 
density coal sample (Photo 4.11), and it also can be seen that the particles in the 
former (Photo 4.12) are much closer together than that in the latter (Photo 4.13).
At a higher magnification (Photos 4.14 and 4.15), it can also be seen that 
the particles forming the layer in the agglomerate from the lowest bulk density coal 
sample (Photo 4.14) are much smaller and more uniform than the particles forming 
the layer in the agglomerate from the highest bulk density coal sample (Photo 4.15). 
Noting that the magnification in both cases, i.e. Photos 4.14 and 4.15 is exactly the 
same, this difference in particle size becomes, indeed, striking.
From the foregoing results it can be concluded that the nature of 
agglomerates is different when the bulk density is different. The external form of 
agglomerates affects the interparticle porosity of agglomerates and the internal 
structure of agglomerates affects the intraparticle porosity of agglomerates. This 
result is therefore a further proof that the bulk density is affected not only by 
interpanicle porosity of agglomerates, but is also affected by intrapanicle porosity 
of individual agglomerates.
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4.3.3 Effect of Coal Macerals on Coke Properties
As mentioned earlier, it is known that coal is a heterogenous substance 
which are grouped together under the names vitrinite, exinite and inertinite. A good 
coking coal is characterized by sufficient swelling (dilatation) [Section 2.1.2].
Photo 4.16 The Agglomerate of KCC coal
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From Photo 4.16, it is found that the majority of KCC coal fines are 
vitrinite. But some large particles are inerdnite. According to Stach's text book[20], 
the expansion dilatation for coal of a give size increases as the vitrinite material is 
more intimately associated with small particles of inertinite. Coarse or isolated inert 
particles do not have such an influence.
From this point of view, it may be necessary to crush the vitrinite group and 




1- Agglomeration takes place when coal mixture contains moisture or 
moisture and oil.
2. In the agglomerate mixture, there are two kinds of porosities, namely 
intraparticle porosity in an agglomerate and interparticle porosity among the 
agglomerates packed in a container.
3. The size distribution of agglomerates follows Rosin - Rammler law.
4. When moisture is the only binder in a coal mixture, the bulk density can 
be determined from the distribution constant n of the Rosin - Rammler law in the 
moisture content range up to the bulk density minimum. Beyond this moisture 
content the deformation of agglomerates occurs and the bulk density can no longer 
be predicted from the above distribution constant n.
5. The relationship between size distribution of agglomerates and moisture 
content, oil addition and original coal size distribution using Rosin Numbers, was
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obtained as listed below.
(1) The relationship between distribution constant n and moisture content, 
oil addition and original coal size distribution.




*x3*x4- 1.228* 10"2*x3*Pm-2.763* 10‘2*(x4)2+0.996* 10 '2*x4 *Pm 
-0.334*10'2*Pm*Poil-0.143*10'2*(Poil)2
These methods can be used to increase bulk density as follows:
(I) If Poil > 23.078-1.518*xr 2.521*x2-3.677*x3+2.982*x4, distribution
constant n decreases with increasing moisture content, i.e. the bulk density should 
increase, and vice versa.
(II) If Poil+1 .168*P m > 17.045-1.259*x1+ 2.790*x2, the distribution 
constant n decreases with increasing oil addition, i.e. the bulk density should 
increase, and vice versa.
(III) If Xj < 0.765* x2+0.043* Pm+0.031* Poil, distribution constant n
decreases with increasing size distribution function xx of the original coal, i.e. the 
bulk density should increase, and vice versa.
(IV) If x2 > 2.803-1.248*x1-0.324*x3+0.566*x4-0.116* Pm+0.110*Poil,
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distribution constant n decreases with increasing size distribution function x2 of the 
original coal, i.e. the bulk density should increase, and vice versa.
(V) If Pm > -1.906*x2+7.372*x4, distribution constant n decreases with
increasing size distribution function X3 of the original coal, i.e. the bulk density 
should increase, and vice versa.
(VI) If x4 > 0.741*x2+ l .6 3 8 *x3+0. 1 80*Pm, distribution constant n
decreases with increasing size distribution function x4 of the original coal, i.e. the 
bulk density should increase, and vice versa.
(2) The relationship between absolute size constant x and moisture content, 
oil addition and original coal size distribution.
x = -305.511+103.306*X]+299.152*x2+170.226*x3+521.644*x 4 
+94.476*Pm+57.687*Poil-12.364*x1*Pm-93.636*(x2)2+ l 1.604* 
x3*Pm-17.108*x3*PoIrl23.043*(xj 2-13.544*x4*Pm-4.473*pm*
P oil
So with increasing absolute size constant x, the bulk density decreases
slightly.
(3) The relationship between constant B and moisture content, oil addition 





*x3*x4+4.159* 10'2*x3*Pm+9.060* 10'2*(x4)2-3.369* 10~2*x4*Pm 
+1.254* 10-2*Pm*Poil+0.451 * 10-2*(Poil)2
Rosin Number b is equal to 2.30* 10B.
So with increasing constant B, the bulk density increases slightly.
6 . The relationship obtained between bulk density and moisture content, oil 
addition and original coal size distribution is:
pB = 0.709+2.333* 10'2*x3- 1.576* 10'2*Pm-0.362* 10'2*x4*Pm
+0.300* 10'2*x4*Poil+ 0 .153* 10'2*Pm*Poil-0.067*10'2*(Poi])2
The methods for increasing bulk density suggested by this regression 
equation are as follows:
(I) If Poil > 10.301+2.366*x4, the bulk density increases with increasing 
moisture content, and vice versa.
(II) If Poil < 2.24*x4+1.14*P , the bulk density increases with increasing 
oil addition, and vice versa.
(III) The bulk density always increases with increasing size distribution 
function x3 of the original coal.
(IV) If the ratio R = Poil /  Pm > 1.21, the bulk density increases with
1 0 0
increasing size distribution function x4 of the original coal, and vice versa.
7. From the four regression equations obtained, if moisture content, oil 
addition and original coal size distribution are known, the bulk density and size 
distribution of agglomerates can be determined.
8 . The relationship obtained between bulk density and size distribution of 
agglomerates with different moisture content, oil addition and original coal size 
distribution shows that there is a slight but definite tendency of bulk density to 
increase with decreasing distribution constant n.
9. Microscopic study shows that moisture content or moisture content and 
oil addition affects the formation and structure of agglomerates. If the moisture 
content is low, the form of agglomerates is non - spherical, and if the moisture 
content is high, the deformation of agglomerates occurs.
10. With different moisture contents, oil addition and the original coal size 
distribution, the structure of agglomerates taken from the highest bulk density coal 
sample and from the lowest bulk density coal sample is different. The outer layer 
thickness of the agglomerate from the highest bulk density coal sample is much 
larger than that of the agglomerate from the lowest density coal sample, and also the 
particles in the former are much closer together than that of the latter.
1 1 . The particles forming the outer layer in the agglomerates from the 
lowest bulk density coal sample are much smaller and more uniform than the 
particles forming the layer in the agglomerate from the highest bulk density coal 
sample.
12. The microscopic results further prove that the bulk density is affected 
not only by interparticle porosity of agglomerates, but is also affected by intraparticle 
porosity of individual agglomerate.
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All the data listed in the following are original sieving results. These results 
were used to analyze the effect of moisture content, oil addition and original coal size 
distribution on the size distribution of agglomerates.
APPENDIX - (1)
Size Weight (g) Percentage of Weight (%)
+6300 0.73 0 .1 1
-6300 +4000 3.96 0.60
-4000 +2800 20.59 3.12
-2800 +1400 160.69 24.35
-1400 +710 118.86 18.01
-710 +355 141.95 21.51
-355 +125 204.12 30.93
-125 +75 4.69 0.71
-75 4.36 0 .6 6
APPENDIX - (2 )
Size Weight (g) Percentage of Weight (%)
+6300 3.60 0.55
-6300 +4000 3.20 0.49
-4000 +2800 10.07 1.54
-2800 +1400 63.89 9.77
-1400 +710 154.26 23.59
-710 +355 181.13 27.70
-355 +125 232.13 35.50
-125 +75 2.81 0.43
-75 2.81 0.43
APPENDIX - (3)
Size Weight (g) Percentage of Weight (%)
+6300 2.72 0.42
-6300 +4000 2.33 0.36
-4000 +2800 6.92 1.07
-2800 +1400 50.49 7.81
-1400 +710 78.22 1 2 .1 0
-710 +355 183.78 28.43
-355 +125 319.67 49.45
-125 +75 1.16 0.18
-75 1.16 0.18
APPENDIX - (4)
Size Weight (g) Percentage of Weight (%)
+6300 ’ 18.80 2.85
-6300 +4000 22.96 3.48
-4000 +2800 23.36 3.54
-2800 +1400 81.81 12.40
-1400 +710 119.74 18.15
-710 +355 105.16 15.94
-355 +125 269.97 40.92
-125 +75 9.57 1.45
-75 8.38 1.27
A PPEN D IX - (5)
Size Weight (g) Percentage of Weight (%)
+6300 3.29 0.48
-6300 +4000 2.05 0.30
-4000 +2800 6.92 1.01
-2800 +1400 99.32 14.50
-1400 +710 140.83 20.56
-710 +355 94.80 13.84
-355 +125 335.69 49.01




Size Weight (g) Percentage of Weight (%)
+6300 4.65 0.80
-6300 +4000 5.12 0 .8 8
-4000 +2800 15.71 2.70
-2800 +1400 114.16 19.62
-1400 +710 172.29 29.61
-710 +355 143.02 24.58
-355 +125 125.62 21.59
-125 +75 0.41 0.07
-75 0.87 0.15
APPENDIX - (7)
Size Weight (g) Percentage of Weight (%)
+6300 7.88 1.21
-6300 +4000 4.69 0.72
-4000 +2800 6.32 0.97
-2800 +1400 51.91 7.97
-1400 +710 58.16 8.93
-710 +355 168.23 25.83
-355 +125 348.25 53.47
-125 +75 2.34 0.36
-75 3.52 0.54
APPENDIX - ( 8 )
Size Weight (g) Percentage of Weight (%)
+6300 5.24 0.82
-6300 +4000 16.49 2.58
-4000 +2800 18.47 2.89
-2800 +1400 82.44 12.90
-1400 +710 91.33 14.29
-710 +355 142.01 2 2 .2 2
-355 +125 273.47 42.79
-125 +75 3.20 0.50
-75 6.45 1.01
Size Weight (g) Percentage of Weight (%)
APPENDIX - (9)
+6300 11.46 1.71
-6300 +4000 7.91 1.18
-4000 +2800 16.75 2.50
-2800 +1400 101.05 15.08
-1400 +710 71.03 10.60
-710 +355 172.48 25.74
-355 +125 277.49 41.41
-125 +75 8.85 1.32
-75 3.08 0.46
APPENDIX - (1 0 )
Size Weight (g) Percentage of Weight (%)
+6300 9.41 1 .68
-6300 +4000 8 .0 1 1.43
-4000 +2800 15.07 2.69
-2800 +1400 94.07 16.79
-1400 +710 1 1 0 .1 0 19.65
-710 +355 160.92 28.72
-355 +125 161.82 28.88
-125 +75 0.45 0.08
-75 0.45 0.08
APPENDIX - (11)
Size Weight (g) Percentage of Weight (%)
+6300 26.65 4.04
-6300 +4000 22.56 3.42
-4000 +2800 27.05 4.10
-2800 +1400 83.18 12.61
-1400 +710 95.98 14.55
-710 +355 142.62 21.62
-355 +125 245.78 37.26
-125 +75 9.76 1.48
-75 6.07 0.92
APPENDIX - (12)
Size Weight (g) Percentage of Weight (%)
+6300 8.07 1.25
-6300 +4000 7.87 1 .2 2
-4000 +2800 10.06 1.56
-2800 +1400 73.17 11.34
-1400 +710 53.42 8.28
-710 +355 243.69 37.77
-355 +125 242.53 37.59
-125 +75 3.74 0.58
-75 2.65 0.41
APPENDIX - (13)
Size Weight (g) Percentage of Weight (%)
+6300 3.05 0.53
-6300 +4000 3.80 0 .6 6
-4000 +2800 13.38 2.32
-2800 +1400 66.07 11.46
-1400 +710 43.13 7.48
-710 +355 160.34 27.81
-355 +125 282.57 49.01
-125 +75 1.15 0 .2 0
-75 3.06 0.53
APPENDIX - (14)
Size Weight (g) Percentage of Weight (%)
+6300 9.19 1.42
-6300 +4000 14.64 2.26
-4000 +2800 16.70 2.58
-2800 +1400 101.57 15.69
-1400 +710 60.20 9.30
-710 +355 75.61 1 1 .6 8
-355 +125 354.03 54.69
























Size Weight (g) Percentage of Weight (%)
+6300 3.27 0.45
-6300 +4000 2.47 0.34
-4000 +2800 10.54 1.45
-2800 +1400 164.78 22.67
-1400 +7100 82.42 11.34
-710 +355 166.45 22.90
-355 +125 280.71 38.62
-125 +75 9.96 1.37
-75 6.25 0 .8 6
APPENDIX - (17)
Size Weight (g) Percentage of Weight (%)
+6300 8.62 1.33
-6300 +4000 16.26 2.51
-4000 +2800 15.61 2.41
-2800 +1400 70.42 10.87
-1400 +710 126.45 19.52
-710 +355 165.58 25.56
-355 +125 229.19 35.38
-125 +75 9.39 1.45
-75 6.28 0.97
APPENDIX - (18)
Size Weight (g) Percentage of Weight (%)
+6300 12.70 1.98
-6300 +4000 6.54 1 .0 2
-4000 +2800 5.90 0.92
-2800 +1400 39.78 6 .2 0
-1400 +710 59.80 9.32
-710 +355 303.48 47.30
-355 +125 202.42 31.55
-125 +75 7.06 1 .1 0
-75 3.92 0.61
APPENDIX - (19)
Size Weight (g) Percentage of Weight (%)
+6300 2.13 0.42
-6300 +4000 2.39 0.47
-4000 +2800 5.03 0.99
-2800 +1400 35.08 6.91
-1400 +710 115.64 22.78
-710 +355 246.97 48.65
-355 +125 95.03 18.72
-125 +75 3.25 0.64
-75 2.13 0.42
APPENDIX - (20)




















Size Weight (g) Percentage of Weight (%)
+6300 79.70 1 1 .6 8
-6300 +4000 34.60 5.07
-4000 +2800 26.95 3.95
-2800 +1400 89.32 13.09
-1400 +710 151.48 2 2 . 2 0
-710 +355 132.17 19.37
-355 +125 149.57 21.92
-125 +75 13.44 1.97
-75 5.12 0.75
APPENDIX - (22)
Size Weight (g) Percentage of Weight (%)
+6300 2 . 2 0 0.31
-6300 +4000 1.14 0.16
-4000 +2800 5.40 0.76
-2800 +1400 62.07 8.74
-1400 +710 119.24 16.79
-710 +355 240.90 33.92
-355 +125 250.49 35.27
-125 +75 2 1 .0 2 2.96
-75 7.74 1.09
APPENDIX - (23)




















Size Weight (g) Percentage of Weight (%)
+6300 1.87 0.33
-6300 +4000 3.63 0.64
-4000 +2800 4.31 0.76
-2800 +1400 41.39 7.29
-1400 +710 87.49 15.41
-710 +355 234.23 41.26
-355 +125 187.29 32.99
-125 +75 3.86 0 .6 8
-75 3.63 0.64
APPENDIX - (25)


















12.95 1 .8 8
APPENDIX - (26)
Size Weight (g) Percentage of Weight (%)
+6300 10.15 1.50
-6300 +4000 8.73 1.29
-4000 +2800 7.78 1.15
-2800 +1400 67.31 9.95
-1400 +710 101.46 15.00
-710 +355 120.75 17.85
-355 +125 306.22 45.27
-125 +75 41.74 6.17
-75 12.31 1.82
APPENDIX - (27)
Size Weight (g) Percentage of Weight (%)
+6300 17.30 2.72
-6300 +4000 19.01 2.99
-4000 +2800 11.26 1.77
-2800 +1400 45.40 7.14
-1400 +710 45.53 7.16
-710 +355 210.48 33.10
-355 +125 258.94 40.72
-125 +75 2 0 . 2 2 3.18
-75 7.76 1 .2 2
APPENDIX - (28)
Size Weight (g) Percentage of Weight (%)
+6300 2.54 0.48
-6300 +4000 5.07 0.96
-4000 +2800 5.65 1.07
-2800 +1400 34.45 6.52
-1400 +710 36.68 6.94
-710 +355 278.60 52.72
-355 +125 154.42 29.22
-125 +75 7.29 1.38
-75 3.75 0.71
APPENDIX - (29)
Size Weight (g) Percentage of Weight (%)
+6300 6.27 0.93
-6300 +4000 7.35 1.09
-4000 +2800 8.09 1 .2 0
-2800 +1400 62.51 9.27
-1400 +710 50.91 7.55
-710 +355 238.30 35.34
-355 +125 275.45 40.85
-125 +75 18.21 2.70
-75 7.21 1.07
APPENDIX - (30)
Size W eight (g) Percentage of Weight (%)
+6300 12.24 1.78
-6300 +4000 10.25 1.49
-4000 +2800 9.90 1.44
-2800 +1400 68.16 9.91
-1400 +710 59.77 8.69
-710 +355 163.68 23.80
-355 +125 320.90 46.66
-125 +75 31.91 4.64
-75 10.94 1.59
APPENDIX - (31)




















Size Weight (g) Percentage of Weight (%)
+6300 7.16 1.07
-6300 +4000 3.21 0.48
-4000 +2800 3.08 0.46
-2800 +1400 26.85 4.01
-1400 +710 41.04 6.13
-710 +355 116.24 17.36
-355 +125 406.89 60.77
-125 +75 53.03 7.92
-75 12.05 1.80
APPENDIX - (33)
Size Weight (g) Percentage of Weight (%)
+6300 15.44 2.27
-6300 +4000 16.19 2.38
-4000 +2800 26.05 3.83
-2800 +1400 111.63 16.41
-1400 +710 64.69 9.51
-710 +355 217.34 31.95
-355 +125 210.33 30.92
-125 +75 14.29 2 . 1 0
-75 4.29 0.63
APPENDIX - (34)










































Size Weight (g) Percentage of Weight (%)
+6300 13.52 2 .1 1
-6300 +4000 9.03 1.41
-4000 +2800 3.39 0.53
-2800 +1400 5.89 0.92
-1400 +710 59.75 9.33
-710 +355 276.29 43.14
-355 +125 241.01 37.63
-125 +75 25.04 3.91
-75 6.53 1 .0 2
APPENDIX - (37)




















Size Weight (g) Percentage of Weight (%)
+6300 18.43 3.00
-6300 +4000 5.34 0.87
-4000 +2800 4.12 0.67
-2800 +1400 7.74 1.26
-1400 +710 13.08 2.13
-710 +355 308.45 50.22
-355 +125 237.45 38.66
-125 +75 15.23 2.48
-75 4.36 0.71
APPENDIX - (39)
Size Weight (g) Percentage of Weight (%)
+6300 19.46 2.81
-6300 +4000 13.44 1.94
-4000 +2800 17.04 2.46
-2800 +1400 120.85 17.45
-1400 +710 105.89 15.29
-710 +355 189.89 27.42
-355 +125 202.50 29.24
-125 +75 18.63 2.69
-75 4.85 0.70
APPENDIX - (40)
Size Weight (g) Percentage of Weight (%)
+6300 6.87 1.13
-6300 +4000 1.83 0.30
-4000 +2800 2.37 0.39
-2800 +1400 1 0 .8 8 1.79
-1400 +710 2 0 . 0 0 3.29
-710 +355 142.64 23.46
-355 +125 353.25 58.10
-125 +75 63.29 10.41
-75 6.87 1.13
APPENDIX - (41)
Size Weight (g) Percentage of Weight (%)
+6300 24.83 3.67
-6300 +4000 35.45 5.24
-4000 +2800 59.53 8.80
-2800 +1400 130.56 19.30
-1400 +710 129.35 1 0 .1 2
-710 +355 127.79 18.89
-355 +125 148.63 21.97
-125 +75 15.56 2.30
-75 4.80 0.71
APPENDIX - (42)
Size Weight (g) Percentage of Weight (%)
+6300 19.50 2.79
-6300 +4000 15.65 2.24
-4000 +2800 12.09 1.73
-2800 +1400 92.66 13.26
-1400 +710 84.28 12.06
-710 +355 133.82 19.15
-355 +125 309.22 44.25
-125 +75 27.88 3.99
-75 3.70 0.53
APPENDIX - (43)




















Size Weight (g) Percentage of Weight (%)
+6300 33.07 6.36
-6300 +4000 22.82 4.39
-4000 +2800 31.45 6.05
-2800 +1400 102.63 19.74
-1400 +710 72.58 13.96
-710 +355 74.09 14.25
-355 +125 165.32 31.80




Size Weight (g) Percentage of Weight (%)
+6300 14.20 2.06
-6300 +4000 10.75 1.56
-4000 +2800 16.12 2.34
-2800 +1400 95.44 13.85
-1400 +710 78.97 11.46
-710 +355 195.23 28.33
-355 +125 251.59 36.51
-125 +75 21.98 3.19
-75 4.82 0.70
APPENDIX - (46)




















Size Weight (g) Percentage of Weight (%)
+6300 17.97 2 .6 6
-6300 +4000 10.07 1.49
-4000 +2800 15.67 2.32
-2800 +1400 99.64 14.75
-1400 +710 78.50 11.62
-710 +355 177.54 26.28
-355 +125 262.92 38.92
-125 +75 5.47 0.81
-75 7.77 1.15
APPENDIX - (48)
Size Weight (g) Percentage of Weight (%)
+6300 8.81 1.31
-6300 +4000 9.68 1.44
-4000 +2800 10.83 1.61
-2800 +1400 95.41 14.19
-1400 +710 102.94 15.31
-710 + 3 5 5 292.77 43.54
-355 +125 148.73 2 2 . 1 2
-125 +75 2.62 0.39
-75 0.61 0.09
APPENDIX - (49)




















Size Weight (g) Percentage of Weight (%)
+6300 7.41 1.11
-6200 +4000 11.95 1.79
-4000 +2800 14.62 2.19
-2800 +1400 111.92 16.76
-1400 +710 141.70 2 1 . 2 2
-710 +355 126.67 18.97
-355 +125 227.70 34.10





This is a multiple linear regressive program. It was used for regressive 
analysis all the experimental results. In the program, N is the number of data, i.e., 
number of the experiments, P is the number of iterms in the regressive equation and 
FI is the precision of regression.
30 PRINT
40 DATA 27, 50, 0.3, "MINFACTOR"
50 DATA 2.25, 2.25, 2.25, 2.25, 11.25, 15.0, 1.573 
60 DATA 0.75, 0.75, 2.25, 2.25, 11.25, 15.0, 1.653 
70 DATA 0.75, 2.25, 0.75, 2.25, 11.25, 15.0, 1.855 
80 DATA 0.75, 2.25, 2.25, 0.75, 11.25, 15.0, 1.258 
90 DATA 0.75, 2.25, 2.25, 2.25, 3.75, 15.0, 1.870 
100 DATA 0.75, 2.25, 2.25, 2.25, 11.25, 5.0, 1.929 
110 DATA 2.25, 0.75, 0.75, 2.25, 11.25, 15.0, 1.557 
120 DATA 2.25, 0.75, 2.25, 0.75,11.25, 15.0, 1.411 
130 DATA 2.25, 0.75, 2.25, 2.25, 3.75, 15.0, 1.486 
140 DATA 2.25, 0.75, 2.25, 2.25, 11.25, 5.0, 1.973 
150 DATA 2.25, 2.25, 0.75, 0.75, 11.25, 15.0, 1.296 
160 DATA 2.25, 2.25, 0.75, 2.25, 3.75, 15.0, 1.589 
170 DATA 2.25, 2.25, 0.75, 2.25, 11.25, 5.0, 1.610
180 DATA 2.25, 2.25, 2.25, 0.75, 3.75, 15.0, 1.277 
190 DATA 2.25, 2.25, 2.25, 0.75, 11.25, 5.0, 1.030 
200 DATA 2.25, 2.25, 2.25, 2.25, 3.75, 5.0, 1.456 
210 DATA 0.75, 0.75, 0.75, 0.75, 11.25, 15.0, 1.366 
220 DATA 0.75, 0.75, 0.75, 2.25, 3.75, 15.0, 1.477 
230 DATA 0.75, 0.75, 0.75, 2.25, 11.25, 5.0, 1.683 
240 DATA 0.75, 0.75, 2.25, 0.75, 3.75, 15.0, 1.234 
250 DATA 0.75, 0.75, 2.25, 0.75, 11.25, 5.0, 1.237 
260 DATA 0.75, 0.75, 2.25, 2.25, 3.75, 5.0, 1.403 
270 DATA 0.75, 2.25, 0.75, 0.75, 3.75, 15.0, 1.300 
280 DATA 0.75, 2.25, 0.75, 0.75, 11.25, 5.0, 1.581 
290 DATA 0.75, 2.25, 0.75, 2.25, 3.75, 5.0, 1.219 
300 DATA 0.75, 2.25, 2.25, 0.75, 3.75, 5.0, 1.150 
310 DATA 2.25, 0.75, 0.75, 0.75, 3.75, 15.0, 1.225 
320 DATA 2.25, 0.75, 0.75, 0.75, 11.25, 5.0, 1.501 
330 DATA 2.25, 0.75, 0.75, 2.25, 3.75, 5.0, 1.334 
340 DATA 2.25, 0.75, 2.25, 0.75, 3.75, 5.0, 1.181 
350 DATA 2.25, 2.25, 0.75, 0.75, 3.75, 5.0, 1.136 
360 DATA 0.75, 0.75, 0.75, 0.75, 3.73, 5.0, 1.148 
370 DATA 3.0, 1.5, 1.5, 1.5, 7.5, 10.0, 1.381
380 DATA 0.0, 1.5, 1.5, 1.5, 7.5, 10.0, 1.496
390 DATA 1.5, 3.0, 1.5, 1.5, 7.5, 10.0, 1.183
400 DATA 1.5, 0.0, 1.5, 1.5, 7.5, 10.0, 1.285
410 DATA 1.5, 1.5, 3.0, 1.5, 7.5, 10.0, 1.344
420 DATA 1.5, 1.5, 0.0, 1.5, 7.5, 10.0, 1.360
430 DATA 1.5, 1.5, 1.5, 3.0, 7.5, 10.0, 1.346
440 DATA 1.5, 1.5, 1.5, 0.0, 7.5, 10.0, 1.197
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450 DATA 1.5, 1.5, 1.5, 1.5, 15.0, 10.0, 1.310 
460 DATA 1.5, 1.5, 1.5, 1.5, 0.0, 10.0, 1.329 
470 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 20.0, 1.037 
480 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 0.0, 1.307 
490 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 10.0, 1.340 
500 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 10.0, 1.599 
510 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 10.0, 1.334 
520 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 10.0, 1.881 
530 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 10.0, 1.529 
540 DATA 1.5, 1.5, 1.5, 1.5, 7.5, 10.0, 1.395 
550 GOSUB 570 
560 END
570 REM STEP DOWN MULTIPLE LINEAR REGRESSION 
580 READ P, N, FI, A$
590 M=P+1 : EP=lE-8: ER=1E+10
600 DIM X(N, M), A(M, M), XM(M), XY(M), L(N), E(N), F(P), T(P), B(P) 
610 FOR 1=1 T O N  
620 FOR J=1 TO 6 
630 READ X(I, J)
640 NEXT J
650 X(I, 7)=X(I, 1)*X(I, 1)
660 X(I, 8)=X(I, 1)*X(I, 2)
670 X(I, 9)=X(I, 1)*X(I, 3)
680 XU, 10)=X(I, 1)*X(I, 4)
690 X(I, 11)=X(I, 1)*X(I, 5)
700 X a , 12)=X(I, 1)*X(I, 6)
710 xa, 13)=X(I, 2)*xa, 2)
720 X(I, 14)=X(I, 2)*X(I, 3)
730 X(I, 15)=X(I, 2)*X(I, 4)
740 X(I, 16)=X(I, 2)*X(I, 5)
750 X(I, 17)=X(I, 2)*X(I, 6)
760 X(I, 18)=X(I, 3)*X(I, 3)
770 X(I, 19)=X(I, 3)*X(I, 4)
780 X a, 20)=X(I, 3)*Xa, 5)
790 X(I, 21)=X(I, 3)*xa, 6)
800 X a, 22)=X(I, 4)*X(I, 4)
810 xa, 23)=xa, 4j*xa, 5)
820 xa, 24)=X(I, 4 )* x a , 6)
830 Xa, 25)=X(I, 5)*Xa, 5)
840 Xa, 26)=X(I, 5)*Xa, 6)
850 X a, 27)=X(I, 6)*X(I, 6)
860 READ X(I, M)
870 NEXT I
880 PRINT "*** MEAN ***"
890 FOR J=I TO M 
900 C=0
910 FOR T=1 TO N  
920 C=X(T, J)+C 
930 NEXT T 
940 XM(J)=C/N
950 PRINT "XM(";J;'')="; XM(J)
960 NEXT J 
970 FOR 1=1 TO M 
980 FOR J=1 TO M
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990 C=0
1000 FOR T=1 TO N
1010 C=(X(T, I)-XM(I))*(X(T, J)-XM(J))+C
1020 NEXT T




1070 FOR K=1 TO P
1080 IF ABS(A(K, K))>EP THEN 1150
1090 FOR I=K+1 TO P
1100 IF ABS(A(I, K))>EP THEN 1140
1110 NEXT I
1120 PRINT "NO UNIQUE SOLUTION OR NO SOLUTION"
1130 GOTO 1860 
1140 GOSUB 1260 
1150 C=I/A(K, K ) : H=0 
1160 FOR J=1 TO M  
1170 D=C*A(K, J)
1180 FOR 1=1 T O P
1190 IF I< >K AND J< >K THEN A(I, J)=A(I, J)-A(I, K)*D ELSE IF I=K AND 
J=K THEN A(K, K)=C ELSE IF J< >K THEN A(K, J)=D ELSE E(I)=-A(I, 
K)*C
1200 NEXT ENEXT J
1210 FOR 1=1 TO P
1220 IF I< >K THEN A(I, K)=E(I)
1230 NEXT I
1240 NEXT K 
1250 GOTO 1320 
1260 FOR J=1 T O M  
1270 B=A(K, J)
1280 A(K, J)=A(I, J)
1290 A(I, J)=B 
1300 NEXT J 
1310 RETURN 
1320 C=0
1330 FOR 1=1 T O P  
1340 C=A(I, M)*XM(I)+C 
1350 NEXT I 
1360 S=XM(M)-C 
1370 SO=XY(M):U=0 
1380 FOR 1=1 T O P  




1430 IF A$="MINFACTOR" GOTO 1450
1440 IF 2*SGM>ER THEN 1770 ELSE ER=2*SGM
1450 F=(U/P)/(Q/(N-M+H))
1460 PRINT"SO=";SO, "U=";U, "Q=";Q, "R=";R, "F=";F, "SGM=";SGM 
1470 PRINT "Y=";S: PRINT"Y=";S 
1480 FOR 1=1 TO P
1490 IF A(I, I)=0 THEN Fa)=lE+38: GOTO 1540 ELSE 1500 
1500 T(I)=A(I, M)/SGM/SQR(A(I, I))
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1510 F(I)=T(I)*T(I)
1520 PRINT A(I, M);
1530 PRINT"*X(";I;"); SPC(10);"***F(";I;")=";F(I);"***" 
1540 N EX TI 
1550 PRINT:PRINT 
1560 PRINT"***ERR=";2*SGM;"***"
1570 FOR 1=1 TO P 
1580 B(Q=A(I, M)
1590 NEXT I 
1600 BO=S: K=1
1610 FOR J=K+1 TO P 
1620 IF F(K)<F(J) THEN 1640 
1630 K=J 
1640 NEXT J
1650 IF F(K)>FI THEN 1770 
1660 FOR 1=1 TO P 
1670 FOR J=1 T O M
1680 IF I< >K AND J< >K THEN A(I, J)=A(I, J)-A(I, K)*A(K, J)/A(K, K)
1690 NEXT J
1700 NEXT I
1710 FOR 1=1 T O P
1720 FOR J=1 TO M
1730 IF I=K OR J=K THEN A(I, J)=0
1740 NEXT J:NEXT I 
1750 H=H+1 
1760 GOTO 1320
1770 PRINT TAB(3);"NO"; TAB(17);"Y(i)";TAB(31);"Y'"; TAB(45);"Y(i)-Y"'
1780 FOR J=1 TO N 
1790 L(J)=BO 
1800 FOR 1=1 T O P 
1810 L(J)=B(I)*X(J, I)+L(J)
1820 E(J)=X(J, M)-L(J)
1830 NEXT I '
1840 PRINT TAB(3);J; TAB(17); X(J, M); TAB(31); L(J); TAB(45); E(J)
1850 NEXT J 
1860 RETURN
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PROGRAM  - (2)
This program was used to calculate the two constants in the Rosin-Rammler 
law based on the sieving results. In the program, S(9) is the size of the sieves (9 
indicates the number of the sieves), W(9) is the weight of coal agglomerates bigger 
than the sieve opening, B(9) is the percentage by weight of coal agglomerates bigger 
than the sieve opening, R(9) is the cumulative percentage by weight of coal 
agglomerates bigger than the sieve opening.
10 DIM S(9), W(9), B(9), X(9), R(9), U(9) 
20 FOR 1=1 TO 9 
30 READ S(I)
40 NEXT I
50 DATA 4000, 2800, 1400, 710, 355, 125, 75, 53, 1 
60 N=8
70 DIM Y(N), YY(N)
80 FOR KK=1 TO 5 
90 T=0














240 PRINT "LINEAR REGRESSION PROGRAM"
250 FOR 1=1 TO N 
260 Y(I)=U(I)
270 PRINT "X(I)=";X(I), "Y(I)=";Y(I)
280 NEXT I
290 XSUM=0: YSUM=0: X2SUM=0: XYSUM=0 
300 FOR J=1 TO N
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310 XSUM=XSUM+X(J): REM SUM OF X
320 YSUM=YSUM+Y(J): REM SUM OF Y
330 X2SUM=X2SUM+X(J) *X(J): REM SUM OF X SQUARED
340 XYSUM=XYSUM+X(J)+Y(J): REM SUM OFX*Y
350 NEXT J
360 M=(XYSUM-(XSUM*YSUM/N))/(X2SUM-(XSUM*XSUM/N)): REM M IS 
THE SLOPE 
370 PRINT ”M=”;M
380 C=(XSUM*XYSUM-YSUM*X2SUM)/(XSUM*XSUM-N*X2SUM):REM C 
IS THE CONSTANT 
390 PRINT "C=";C 
400 PRINT "Y=";M; "X+";C 
410 YY3=0
420 LXY=0: LXX=0: LYY=0 
430 FOR J=1 TO N
440 LXY=(X(J)-XSUM/N)*(Y(J)-YSUM/N)+LXY 
450 YY1=M*X(J)+C
460 LXX=(X(J)-XSUM/N)* (X(J)-XSUM/N)+LXX 
470 LYY=(Y(J)-YSUM/N)* (Y(J)-YSUM/N)+LYY 






540 PRINT "COR. COEF. R=";R




570 DATA 63.07, 43.12, 327.19, 19.32, 0.95, 0.34, 0.01, 0.00, 0.01
